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Abstract 
Following the intensive development of isolated (i.e., not coupled with on-chip waveguide) 
vertically rolled-up microtube ring resonators (VRU-MRRs) for both active and passive applications, 
a variety of microtube-based devices has been realized. These include microcavity lasers, optical 
sensors, directional couplers, and active elements in lab-on-a-chip devices. To provide more 
advanced and complex functionality, the focus of tubular geometry research is now shifting toward 
(i) refined vertical light transfer in 3D stacks of multiple photonic layers and (ii) to make microfluidic 
cooling system in the integrated optoelectronic system.   
Based on this motivation, this PhD research is devoted to the demonstration and the 
implementation of monolithic integration of VRU-MRRs with photonic waveguides for 3D photonic 
integration and their optofluidic applications. Prior to integration, high-quality isolated VRU-MRRs 
on the flat Si substrate are firstly fabricated by the controlled release of differentially strained 
titanium-dioxide (TiO2) bilayered nanomembranes. The fabricated microtubes support resonance 
modes for both telecom and visible photonics. The outcome of the isolated VRU-MRRs is a record 
high Q (≈3.8×103) in the telecom wavelength range with optimum tapered optical fiber resonator 
interaction. To further study the optical modes in the visible and near infrared spectral range, µPL 
spectroscopy is performed on the isolated VRU-MRRs, which are activated by entrapping various 
sizes of luminescent nanoparticles (NPs) within the windings of rolled-up nanomembranes based on 
a flexible, robust and economical method. Moreover, it is realized for the first time, in addition to 
serving as light sources that NPs-aggregated in isolated VRU-MRRs can produce an optical potential 
well that can be used to trap optical resonant modes.  
After achieving all the required parameters for creating a high-quality TiO2 VRU-MRR, the 
monolithic integration of VRU-MRRs with Si nanophotonic waveguides is experimentally 
demonstrated, exhibiting a significant step toward 3D photonic integration. The on-chip integration 
is realized by rolling up 2D pre-strained TiO2 nanomembranes into 3D VRU-MRRs on a microchip 
which seamlessly expanded over several integrated waveguides. In this intriguing vertical 
transmission configuration, resonant filtering of optical signals at telecom wavelengths is 
demonstrated based on ultra-smooth and subwavelength thick-walled VRU-MRRs.  
Finally, to illustrate the usefulness of the fully integrated VRU-MRRs with photonic waveguides, 
optofluidic functionalities of the integrated system is investigated. In this work, two methods are 
performed to explore optofluidic applications of the integrated system. First, the hollow core of an 
integrated VRU-MRR is uniquely filled with a liquid solution (purified water) by setting one end of 
the VRU-MRRs in contact with a droplet placed onto the photonic chip via a glass capillary. Second, 
the outside of an integrated VRU-MRR is fully covered with a big droplet of liquid. Both techniques 
lead to a significant shift in the WGMs (Δλ≈46 nm). A maximum sensitivity of 140 nm/refractive index 
unit, is achieved. 
The achievements of this PhD research open up fascinating opportunities for the realization of 
massively parallel optofluidic microsystems with more functionality and flexibility for analysis of 
biomaterials in lab-on-a-tube systems on single chips. It also demonstrates 3D photonic integration 
in which optical interconnects between multiple photonic layers are required. 
Keywords: rolled-up, microcavities, waveguides, monolithic integration, optofluidic applications. 
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Referat  
Durch die Entwicklung isolierter vertikal aufgerollter mikrotubulärer Ringresonatoren (vertically 
rolled-up microtube ring resonators, VRU-MRRs) für passive und aktive Anwendungen wurde eine 
Vielzahl an Mikrotube-basierten Bauteilen verwirklicht. Darunter finden sich Microcavity Laser, 
optische Sensoren, Richtkoppler und aktive Elemente in Lab-On-A-Chip-Bauteilen. Um erweiterte, 
komplexere Funktionalitäten zu ermöglichen, verlagert sich aktuell der Schwerpunkt der 
Erforschung der Mikrotubegeometrie in Richtung (i) Verbesserung des vertikalen Lichttransfers in 
3D-Stacks mehrerer photonischer Schichten und (ii) Integration eines mikrofluidischen Kühlsystems 
in das optoelektronische System.  
Basierend auf dieser Motivation widmet sich diese Dissertation der Ausführung und Umsetzung 
monolithischer Integration von VRR-MRRs auf Lichtwellenleitern für dreidimensionale photonische 
Integration und ihre optofluidischen Anwendungen. Vor der Integration werden VRU-MRRs auf 
einem Si-Substrat durch kontrollierte Stressrelaxation asymmetrisch vorgespannter, zwei-
schichtiger Titandioxid (TiO2) Nanomembranen hergestellt. Die so erzeugten Mikroröhren 
unterstützen Resonanzmoden im Bereich sichtbaren Lichts und für Telekommunikationsphotonik. 
Die isolierten VRU-MMRs erreichen einen Rekordwert für Q (≈3.8×103) im Telekomunikations-
wellenbereich bei optimaler Resonatorinteraktion mit einer verjüngten Glasfaser. Zur weiteren 
Untersuchung der optischen Moden im sichtbaren und im NIR-Bereich wird µPL-Spektroskopie an 
den isolierten VRU-MRRs durchgeführt, die durch den Einschluss lumineszierender Nanopartikel 
(NPs) verschiedener Größen in den Windungen der aufgerollten Nanomembranen mittels einer 
flexiblen, stabilen und wirtschaftlichen Methode aktiviert werden. Weiterhin wird erstmals 
bewiesen, dass die in isolierten VRU-MRRs angereicherten NPs neben ihrer Funktion als Lichtquelle 
einen optischen Potentialtopf erzeugen, in dem optische Resonanzmoden gefangen werden können.  
Nach Festsetzung aller für die Herstellung eines hochwertigen TiO2 VRU-MRR erforderlichen 
Parameter wird die monolithische Integration der VRU-MRRs auf nanophotonischen Si-
Lichtwellenleitern experimentell demonstriert, was wiederum einen entscheidenden Schritt hin zur 
dreidimensionalen photonischen Integration darstellt. Die on-chip Integration wird durch aufrollen 
der vorgespannten, zweidimensionalen TiO2-Nanomembranen zu dreidimensionalen (tubulären) 
VRU-MRRs erreicht, die sich nahtlos über mehrere auf einem Mikrochip integrierte Lichtwellenleiter 
erstrecken. Mit dieser eleganten Anordnung zur vertikalen Transmission wird die Resonanzfilterung 
optischer Signale im Telekommunikationswellenlängenbereich demonstriert, basierend auf ultra-
glatten VRU-MRRs mit einer Wandstärke kleiner als die Lichtwellenlänge.  
Um den Nutzen der voll integrierten VRU-MRRs in Verbindung mit Lichtwellenleitern zu 
demonstrieren, werden die optofluidischen Funktionalitäten des integrierten Systems untersucht. 
Im Zuge dieser Arbeit werden zwei verschiedene Methoden ausgeführt, um optofluidische 
Anwendungen des integrierten Systems zu erschließen. Erstens wird der hohle Kern eines 
integrierten VRU-MRR mit einer Flüssigkeit (VE-Wasser) gefüllt,  indem ein Ende des VRU-MRR auf 
dem photonischen Chip über eine Glaskapillare mit einem Tropfen in Kontakt gebracht wird. 
Zweitens wird die Außenwand eines integrierten VRU-MRR komplett von einem großen Wasser-
tropfen benetzt. Beide Ansätze führen zu einer signifikanten Verschiebung der WGMs (Δλ≈46 nm). 
Eine maximale Sensitivität von 140 nm pro refractive index unit wird erreicht.  
Die Ergebnisse dieser Dissertation eröffnen faszinierende Möglichkeiten zur Verwirklichung 
großflächig parallelisierter optofluidischer Mikrosysteme mit erhöhter Funktionalität und 
Flexibilität hinsichtlich der Analyse von Biomaterialien in Lab-On-A-Tube-Systemen auf einem 
einzigen Chip. Außerdem wird dreidimensionale photonische Integration gezeigt, für die optische 
Verbindungen zwischen mehreren photonischen Schichten benötigt werden. 
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 1  
         ‘’Learn from yesterday, 
 live for today,  
hope for tomorrow.  
And most importantly, do not stop questioning.’’ 
-Albert Einstein. 
 Introduction and Motivation 
Photonic integrated circuits (PICs) have been recognized as a mature and appealing technology 
that offer promising solutions to many daunting technical barriers commonly faced by designers of 
semiconductor electronic ICs [1–5]. Therefore, it has been expected that the success of electronic ICs 
may be transferred to the realm of PICs in the near future [6-8]. To that end, industry and academia 
have allocated considerable resources to finding ways to replace electronic interconnects with 
optical interconnects. To achieve this goal, various schemes have been suggested by a number of 
independent researchers from academia and companies, including IBM, University of California, Gent 
University, Columbia University, UC Berkeley, and Karlsruhe Institute of Technology [8–14]. The 
common objective of the most of these schemes is to demonstrate the all optical interconnects in a 
three-dimensional (3D) chip stack structure [14–22]. An exemplary sketch is shown in Figure 1.1. 
Figure 1.1: (a) Architecture of a conceptual 3D chip interconnect. (IBM envisions by 2020). (b) Planar micro-ring 
resonators connected by multiple bus waveguides in a 3D optical network. (Figure reproduced with permission from Ref. 
[14]). (c) Vertical coupling between two adjacent photonic devices based on the vertically stacked directional coupler. 
(Figure reproduced with permission from Ref. [21]). 
It should be remarked that using 3D photonic chip stack architectures not only helps to reduce 
power consumption and interconnect length but also, allows photonic and electronic components to 
be fabricated on their own stacks by using desirable technology and then coupled together using 
suitable vertical couplers at predefined positions. Several vertical couplers based on photonic 
crystals [16], ring resonators [14, 22], and vertically staked directional couplers (VSDC) [6, 7, 17–21] 
have been demonstrated to route the optical signals among different stacks. To date, the VSDC is 
extensively exploited as a coupling device between two adjacent photonic layers, as shown in Figure 
1.1(b–c). However, a few fundamental limitations hamper this kind of the coupler from being an ideal 
vertical coupler for 3D photonic integration. For instance, (1) the gap between the participating 
waveguides is required to be close enough to each other (e.g., less than ≈250 nm), so that the 
evanescent coupling can occur. Once the gap between these two adjacent photonic layers is similar, 
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unwanted evanescent coupling between photonic elements on different layers inevitably occurs, 
which can degrade the system performance. However, if the gap is dissimilar, fabrication becomes 
challenging. (2) By contrast, the quality factor (Q-factor) of VSDCs is typically very poor compared to 
resonator-based couplers.  
 
To this end, being able to achieve monolithic and vertical integration of microresonators within 
a single 3D chip architecture would be a crucial ingredient to address the aforementioned limitations. 
Monolithically integrated optical microresonators have quickly emerged in the past few years in 
planar PICs and have found their way into many applications [23–25]. However, vertical integration 
is extremely challenging to achieve by using microtoroids, microspheres, or microdisk resonators 
[23, 27]. As an alternative, vertically rolled-up microtube ring resonators (VRU-MRRs), as a novel 
form of WGM resonators [28, 29], are promising candidates for such tasks, and their out-of-plane 
configuration renders VRU-MRRs excellent photonic components for 3D photonic integration [30, 
31] where optical interconnects between multiple photonic layers are required [14]. An exemplary 
sketch is shown in Figure 1.2. 
 
Figure 1.2: Vision of a 3D stacked chip1 vertically optical interconnected via vertically rolled-up microtube ring resonators.  
For this purpose, a proof-of-concept experiment was conducted by manually placing two fibers 
in the vicinity of a VRU-MRRs’s surface in a vertical configuration and a resonant light transfer of 
signal between both fibers through the sandwiched microtube [30]. Owing to the straightforward 
and elegant fabrication procedure and the principle capability of being monolithically integrated as 
a compact on-chip architecture, VRU-MRRs have been applied in several research areas, including 
biophysics, nanoelectronics and magnetoelectronics, and nanorobotics. For example, the hollow core 
and ultra-thin walls of VRU-MRRs offer an inherent channel for optofluidic and sensing applications 
[32,33], and may also be proposed for efficient water cooling in densely packed optoelectronic 
circuitry [34] because heating is one of the main issues in the realization of 3D stacked chips [35].  
1.1 Objectives 
Based on the aforementioned motivations, the main focus of this PhD research is devoted to 
demonstrating the monolithic and vertical integration of VRU-MRRs with silicon nanophotonic 
waveguides on silicon-on-insulator substrates. This success can be an important milestone towards 
3D photonic integration and a key requirement for scalable mass production. The on-chip integration 
                                                             
1 Image was created by Dr. Stefan Böttner 
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is realized by rolling up two-dimensional differentially strained TiO2 nanomembranes into 
sophisticated three-dimensional microtube cavities on a nanophotonic microchip. To realize the 
usefulness of this all-integrated system (i.e., VRU-MRRs coupled waveguides) for lab-on-a-chip 
applications, optofluidic sensors are developed by uniquely filling their hollow cores with a liquid 
medium or by fully covering an integrated VRU-MRR with the big droplet of a liquid. That is the final 
goal of this PhD thesis. 
1.2 Organization of the Thesis 
This thesis is organized as follows: Chapter 2 provides a general overview of the field of optical 
microresonators, with a detailed description of VRU-MRRs, a novel type of WGM resonators. In 
addition, the theoretical background of optical microresonators and the current state of the art in 
VRU-MRRs are summarized.  
In Chapter 3, the essential techniques used to fabricate and characterize high quality VRU-MRRs 
are introduced and discussed. The first section focuses on standard photolithography and material 
deposition techniques used for the fabrication VRU-MRRs. In addition, titanium dioxide (TiO2) is 
introduced as an alternative to the SiO2 or SiOx/SiO2 bilayer system, which suffers from a low 
refractive index. The following sections describe the methods used to characterize optical modes of 
the VRU-MRRs and their structures.  
The main experimental results of the current thesis are presented in Chapters 4, 5, and 6. Those 
chapters will be motivated, introduced, and concluded separately.  
Chapter 4 focuses on the systematic work and study of the fabrication of passive and active 
isolated TiO2 VRU-MRRs with ultra-smooth tube surfaces and subwavelength wall thickness. Optical 
modes in the VRU-MRRs are investigated for both visible and telecom photonics by interfacing a lifted 
TiO2 VRU-MRRs with a tapered optical fiber or by using μ-PL spectroscopy. The tapered fiber scheme 
used in this chapter reveals record high optical quality factors (Q-factor) in isolated VRU-MRRs 
probed in the telecom wavelength range (1,520–1,570nm). Additionally, a splitting in the 
fundamental modes is experimentally observed due to the broken rotational symmetry in the 
resonators. In particular, this chapter presents a novel, flexible, robust, and economical method of 
fully incorporating even distributed/aggregated luminescent nanoparticles (NPs) within the 
windings of the tube for the activation of isolated TiO2 VRU-MRRs. Interestingly, an optical potential 
well (or 3D confinement) in this activated VRU-MRRs is created by spatially aggregating NPs. This 
section illustrates that the potential well arising from NPs-aggregated together with one induced by 
the tube geometry leads to the formation of overlapping double-potential wells in a single VRU-MRR, 
which allows the generation of two independent sets of optical modes. Precise tuning of the 
overlapping modes’ position is achieved by conformal coating of the tube wall with HfO2 monolayers 
applied by atomic layer deposition. This method permits the mode sets to shift with different 
magnitudes and allows for a Vernier-scale–like tuning effect. The results of this Chapter are an 
important milestone towards monolithic integration of VRU-MRRs with photonic waveguides. 
In Chapter 5, to accomplish a significant step towards realizing 3D photonic integration, 
monolithic integration of VRU-MRRs with silicon nanophotonic waveguides on silicon-on-insulator 
substrates is experimentally demonstrated. The on-chip integration is achieved by rolling up 2D pre-
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strained TiO2 nanomembranes into 3D microtube cavities on a photonic microchip. The integration 
scheme provides a compact and mechanically stable optical unit and allows an out-of-plane optical 
coupling between the in-plane nanowaveguides and the VRU-MRRs.  Optical characterization of these 
resonators reveals an extinction ratio (ER) as high as 19 dB. This chapter also presents the full 
integration of an array of VRU-MRRs on multiple waveguides, and each nanophotonic waveguide can 
couple with a microtube at different positions along the microtube axis. These function as vertical 
ring resonators at several positions along the tube axis, thus serving as a novel platform for 
multiplexing  applications 
Chapter 6 presents the fabrication and characterization of a novel platform for optofluidic 
applications. This platform is realized by monolithic integration of an array of ultra-compact TiO2 
VRU-MRRs on several polymer waveguides. WGMs are observed in the telecom wavelength range, 
and their spectral peak positions shift significantly when measurements are taken from covered 
tube’s surface with a droplet of liquid or their hollow cores are filled with a liquid medium (purified 
water), thus illustrating a compact, robust system with high functionality for dense multiplexing of 
sensors. Moreover, this chapter also considers optical characterization of the air-filled integrated 
VRU-MRRs which reveals an ER as high as 35 dB that is the highest recorded for an integrated VRU-
MRRs to date. And in the case of a solution-filled VRU-MRR, due to the strong absorption of purified 
water in the telecom wavelengths, the maximum ER of this integrated system is as high as 10 dB. 
Hence, this change in the transmission spectrum of the VRU-MRRs can be suggested a novel sensing 
methodology. Additionally, this integrated optofluidic system can be offered a liquid cooling instead 
of air cooling onto the chip. Because thermal heating is one of the biggest obstacles to the 
implementation of dense 3D optoelectronic systems thus this integrated optofluidic system can offer 
a good solution for cooling down the system.  
Finally, the thesis ends in Chapter 7 with an overview of the most important achievements of 
the present work, including suggestions for future research in this area.  
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‘’It doesn’t matter how beautiful your theory is, 
 It doesn’t matter how smart you are.  
If it doesn’t agree with experiment, it’s wrong.’’ 
-Richard P. Feynman 
 Theoretical Background and State of the Art 
The aim of this chapter is to provide a general overview of the field of optical microresonators, 
with a particular focus on rolled-up microtube ring resonators. The first section focuses briefly on 
optical resonators, including the various types of optical resonators. These can be classified either by 
structure into a number of distinct geometries or by the method by which light is confined in the 
resonators. In the second section, the theoretical background and physics of optical microresonators 
are given in some detail. The next section provides a detailed description of whispering-gallery-mode 
(WGM) microresonators, a special family of optical microresonators. Various coupling techniques 
using evanescent coupling to excite resonances are discussed, and a short review of vertical 
integration of high-Q WGM resonators with on-chip waveguides is presented. Finally, rolled-up 
microtube ring resonators, the main subject of the present doctoral thesis, are introduced and 
discussed in detail, including a section on the state of the art of this novel form of a WGM 
microresonator.  
2.1 Optical Microresonators 
Optical microresonators, the optical counterparts of electronic resonant circuits, are photonic 
devices used to confine, route, and store light for extended periods of time in a small volume (~tens 
of μm3) and at well-defined spectral intervals, which are determined by their geometry [23,36]. Due 
to constructive interference, the longtime confinement of light leads to critical enhancement of the 
internal optical fields within the resonator. Note that optical microresonators are often referred to 
as “optical microcavities” in the current thesis. The universal importance of these photonic structures 
has made them very exciting research topic and frequently discussed field over the last decades. The 
origin of microresonators dates back more than fifty years [2], when they were first proposed as 
optical filters. As such, photonic devices used with microresonators play important roles in many 
diverse scientiﬁc and technological areas, owing to their compactness, excellent optical properties 
(i.e., high-quality factor, small mode volume, field localization), and their potential applications 
[26,27, 37-40]. They are used almost everywhere, from photonics [38, 39] to bio-photonics [33, 37] 
for the fabrication of optical devices [41, 42]. For example, microresonators are an indispensable 
building block for integrated photonic circuits in the realization of multiplexers (de-multiplexers) in 
wavelength division multiplexed (WDM) lightwave systems  and optical filters  due to their 
wavelength selectivity. More important, it is simple to use optical filters to switch or modulate light 
in and out of resonance if they can be tuned [23, 31, 42]. Furthermore, optical microresonators 
(usually based on III-V semiconductor materials) are used to create low-threshold lasers [43], light-
emitting diodes [44], fast optical switches [45], and resonant cavity-enhanced photodetectors [46]. 
Microresonators are also invaluable devices for the fundamental studies of light-matter interaction 
2 Theoretical Background and State of the Art 
 
6 
 
[28, 29, 40] because they are able to capture light on the scale of its own wavelength for a long time. 
Moreover, the small size of microcavities not only facilitates the dense integration of these devices 
on single chips but also enables engineers to employ them as very sensitive optical sensors [23-25] 
because very small amounts of material are sufficient to change the properties of the light confined 
in the resonator. To date, various geometries have been realized to create optical microresonators 
[23, 28], and each has its own advantages and disadvantages. A brief overview of the most-studied 
geometries of optical resonators, which have emerged over the last decades, is presented in the 
following section. 
2.1.1  Various Types of Optical Resonators 
In general, optical microresonators can be classified either by structure into a number of distinct 
geometries or by the method by which light is confined within the resonators.  
For example, in terms of confinement methods, microresonators can be divided into three major 
groups: the family of (1) Fabry-Pérot cavities; (2) whispering-gallery mode (WGM) structures; and 
(3) photonic crystals (PhCs). In the first group, the microresonators are constructed by introducing 
a gap between two high-reflectivity mirrors (periodic dielectric structures) with different refractive 
index 𝑛. These gaps can be of two forms: grating-like structures or 1-D photonic crystals (also 
referred to as “nanobeam cavities”) as depicted in Figure.2.1 [23, 47-51]. In this case, the light 
confinement can easily be carried out by repeated reflection within a set of high-reflectivity mirrors 
or Bragg reflection (DBR) from a periodic multilayer.  
 
Figure 2.1: A representative subset of the family of Fabry- Pérot resonant structures: (a) in a micropillar cavity, the quality 
factors typically attain up to 12,000 [21], and the light is emitted in the vertical direction (used with permission from [21]); 
(b) Bragg microcavity-waveguide; (c) Photonic bandgap microcavity-waveguide (also referred to as “nanobeam cavities”); 
(d) 1-D photonic crystal cavity. (Modified image used with permission from [51]). 
In these structures, each layer boundary causes a partial reflection. The reflected waves 
constructively interfere with each other and if the optical layer thickness is close to a quarter of the 
wavelength for which the mirror is designed, a high-quality reflector is obtained. This type of 
resonator, for example, is used in vertical cavity surface emitting lasers (VCSELs) [21]. Nonetheless, 
the big disadvantage of this family of structures is that a very accurate periodicity needs to be 
maintained in order to obtain high quality factors while emitters can easily be integrated inside the 
resonator during the fabrication.  
 2.1 Optical Microresonators 
 
7 
 
 
In the second group, the microresonators support whispering gallery modes or waves, where 
the principle confinement of light can simply be accomplished by total internal reflection (TIR) at the 
boundary between two low-loss dielectric materials. The confined rays skim around the inner 
surface of a cavity with an angle near to the grazing incidence angle, preventing them from refracting 
out of the resonator. Those resonators are known as whispering-gallery mode (WGM) resonators. 
Typical examples from this family are microsphere resonators [23], microtoroid resonators [21, 27, 
40], liquid core capillaries [53], microdisk resonators [23, 52], tunable fiber bottle resonators [54], 
waveguide microring resonators [23, 25], microbubble optical resonators [55], and rolled-up 
microtube resonators [28, 29].  
Figure 2.2: Sketches of a representative subset of the family of whispering-gallery mode structures.  (a) microsphere 
optical resonator, with a radius of 5–500 μm;  (b) microtoroid optical resonator, with a radius of 10–200 μm ; (c) liquid 
core microcapillary optical resonators with a radius of 35–100 μm; (d) microdisk optical resonator, with a radius of 10–
200 μm; (e) microbottle optical resonator, with a radius of 15–100 μm; (f) planar microring resonator, with a radius of 5–
1,000 μm; (g) microbubble optical resonator; (h) rolled-up microtube optical resonator, with a radius of  8–25 μm. 
(Modified image used with permission from [56]). 
The aforementioned structures are schematically displayed in Figure 2.2. More details 
concerning this family, which are the focus of the present work, are given in subsequent sections. In 
the last group, the microresonators are demonstrated by introducing a small defect inside the 
photonic bandgap structure with two-dimensional [57, 58] or three-dimensional confinement [59]. 
They could be exploited by distributed DBR from an array of holes in a periodic crystal (PC). 
Representative examples are shown in Figure 2.3.   
 
Figure 2.3: A representative subset of the family of photonic crystal microcavities: (a) 2-D photonic crystal slab with 
defect; (b) 2-D photonic crystal rods with defect; and (c) 3-D photonic crystal cavity. The cavities are commonly fabricated 
by etching a periodic grid of holes into a free-standing membrane. (Modified image used with permission from [51]). 
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Photonic crystal microcavities not only possess high quality factors of up to 106 and attain the 
smallest mode volumes, but also have gained great interest in the field of integrated photonic circuits 
because they can easily be introduced into photonic integrated circuits. However, to keep the 
discussion on optical microresonators short, only the properties of WGM cavities will be explored in 
some detail in the subsequent sections of this PhD thesis. Similar concepts can readily be extended 
to other types of optical microcavities. 
2.1.2  Theoretical Foundation  
Classical Electrodynamics: Derivation of the Helmholtz Wave Equations: 
This aim of this section is to present the physics and the mathematical concepts used in the 
present dissertation. This is needed to facilitate understanding of the behavior of the optical ring 
resonators or even the optical waveguides. An in-depth explanation can be found in textbooks such 
as Fundamentals of Photonics by Saleh and Teich [60] and Classical Electrodynamic by J. D. Jackson [61], 
which are also used as a basis for the following discussion.  
Maxwell’s equations, in principle, offer a good tool for investigating the generation and 
propagation of light (also known as electromagnetic waves) in an arbitrary medium. It is known that 
almost all photonic devices can be operated in the near-, mid-, and far-infrared range (700 nm< λ > 
100 μm) and/or visible region (400 nm<λ> 700 nm) and/or often in the UV region of the light 
spectrum. For these cases, the wavelength of operation is always wider than the atomic spacing of 
the optical medium (e.g., for solids and liquids atomic distances are around ≈2–3 A° and for gasses 
they are around ≈20–30 A°). Thus, the macroscopic variant of Maxwell’s equation is universally used 
to describe the light generation and propagation in most media such as optical resonators. The 
Maxwell’s equations, which explain all classical electromagnetic phenomena in a medium, in time 
domain are given by [60, 61]:  
 ?⃗⃗? ∙ ?⃗⃗⃗? = 𝝆, (2.1)  
  𝜵⃗⃗  ⃗ × ?⃗⃗⃗? = 𝒋 +
𝝏?⃗⃗⃗? 
𝝏𝒕
,  (2.2)  
 ?⃗⃗? × ?⃗? = −
𝝏?⃗⃗? 
𝝏𝒕
, (2.3)  
 ?⃗⃗? ∙ ?⃗⃗? = 𝟎 , (2.4)  
where  ?⃗? =  ?⃗?  (𝑟,⃗⃗  𝑡), ?⃗? = ?⃗? (𝑟,⃗⃗  𝑡) , ?⃗⃗? =  ?⃗⃗? (𝑟,⃗⃗  𝑡), and  ?⃗?  = ?⃗? (𝑟,⃗⃗  𝑡) are denoted the macroscopic electric 
field intensity, the magnetic field density, the electric displacement field, and the magnetization field, 
respectively. Moreover, 𝑗 = 𝑗  (𝑟 , 𝑡)  is the macroscopic free current density, and 𝜌 = 𝜌(𝑟 , 𝑡) is the 
microscopic free charge density. As mentioned above, the four field quantities and the two 
aforementioned sources could normally be the function of both space (𝑟⃗⃗  ⃗) and time (t). For simplicity, 
we limit our discussion to linear and isotropic materials (i.e. 𝜀𝑟 = 𝑛
2) as well as nonmagnetic 
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materials (i.e. µ𝑟 =1). As a result, ?⃗⃗? (𝑟,⃗⃗  𝑡) and ?⃗? (𝑟,⃗⃗  𝑡) can simply be co-related by the following 
constitutive relations: 
 
 
In the system equations 2.5–2.6, 𝜀𝑜, 𝜀𝑟 , and µ𝑜 are denoted the permittivity of free space, the 
relative permittivity, the permeability of free space, and the relative permeability, respectively. 
Furthermore, nearly all of the photonic devices applied for photonic integrated applications have no 
free electric charges (𝜌 = 0) and/or current sources (𝑗 = 0).  Moreover, it can often be assumed that 
in most photonic devices, light propagates inside a medium in the form of traveling waves. In such 
cases, using assumption solutions with a time harmonic dependence (i.e.,𝒆𝒊(?⃗?
 ∙𝒓⃗⃗⃗  −𝝎𝒕)) and following a 
few more steps that are explained in details elsewhere [60, 61], Maxwell’s equations and the 
constitutive correlations reform as:  
 (𝛁𝟐 + 𝝁𝟎 𝜺𝟎𝒏
𝟐𝝎𝟐)  {
?⃗? (?⃗? )
  
?⃗⃗?  (?⃗? )
 
} = 𝟎. (2.7)  
Taking into account that the speed of light in vacuum, 𝑐0 is related to 𝜀𝑜 and µ𝑜 by c0 =
1
√µ0ε0
, 
and then equation 2.7 can be simplified as follows: 
 (𝛁𝟐 +
𝒏𝟐𝝎𝟐
𝒄𝟎
𝟐 ) {
?⃗⃗? (?⃗? )
  
?⃗⃗?  (?⃗? )
 
}  = 𝟎. (2.8)  
In which 𝑐 = 𝑐0 𝑛⁄  indicates the speed of light inside a certain medium. Also, the wave vector and 
angular frequency are related to each other by the phase velocity of light: 𝜔 = 𝑘𝑐.  Thus, equation 2.8 
can be simplified to:  
 (𝛁
𝟐 + 𝒌𝟐) {
?⃗? (?⃗? )
  
?⃗⃗?  (?⃗? )
 
}  = 𝟎 (2.9)  
This equation is called the Helmholtz equation for the electric/magnetic field, which is 
representing the time-independent form of the wave equation. It can be used to determine the optical 
modes of photonic devices such as optical waveguides and optical resonators once they are solved 
under appropriate boundary conditions.  
2.1.2.1 Theory of an Optical Resonator 
In the previous section, three families of optical resonators in the language of the confinement 
methods of light into resonators were introduced and depicted in Figures 2.1, 2.2, and 2.3. Among 
them, perhaps the simplest scheme to create an optical resonator and to derive the fundamental 
equations is by using the one-dimensional Fabry-Perot resonator (see Chapter 8 of Ref. [60]), which 
contains two parallel flat mirrors at a distance d. Within the resonator, light with a wavelength of λ is 
frequently reflected between the two planar lossless, highly reflective mirrors to generate a 
resonator mode as standing wave as illustrates in Figure 2.4(a).  
?⃗⃗⃗? (𝐫,⃗⃗  𝐭), = 𝛆𝐫𝛆𝐨?⃗? (𝐫,⃗⃗  𝐭), (2.5)  
        𝐁⃗⃗  ⃗(𝐫,⃗⃗  𝐭), = µ𝐨?⃗⃗?  (𝐫,⃗⃗  𝐭). (2.6)  
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Figure 2.4: (a) Schematic illustration of a Fabry-Pérot resonator with a length d and a trapped wave with the wavelength 
λ.; (b) standing waves for several mode numbers 𝐦 inside an ideal one-dimensional, lossless planar mirror resonator. 
To launch light into and out of such resonator, at least one of the mirrors must be partially 
transmissive. As discussed in the previous section, the resonator mode (i.e., a wave that reproduces 
itself after a single roundtrip of propagation), is the solution to the Helmholtz equation under the 
suitable boundary conditions. For idealized planar mirror resonators (lossless), the transverse 
components of the electric field vanish at the mirror surface, (i.e. 𝐸(𝑧 = 0) = 𝐸(𝑧 = 𝑑) = 0 where 𝑧 
is a direction of wave propagation. 
Under these boundary conditions, the standing wave 𝐸(𝑧) =  𝐸0 sin(𝑘𝑧), where 𝑘 =
2𝜋𝑛
𝜆
  is 
wavenumber and 𝐸0 is a constant, can satisfy the Helmholtz equation when 𝑘 satisfies the 
condition 𝑘𝑚 = 
2𝜋𝑛
𝜆𝑚
=
𝑚𝜋
𝑑
 ,𝑚 = 1,2,3,…. In other words, only a distinct wavelength 𝜆𝑚 can be 
trapped and stored within the cavity, which satisfies the basic resonator relation:  
 𝒎𝝀𝒎 = 𝟐𝒏𝒅,    m=1, 2, 3,… (2.10)  
Where m is a positive integer called the mode number. Note that d and n are the length of the cavity 
and the refractive index, respectively. Other wavelengths that did not fulfill equation 2.10 are 
obliterated by destructive interference with themselves. In general, the resonator supports an 
infinite but countable number of resonant modes. As a result, resonance modes are separated by a 
characteristic spacing known as free spectral range (FSR), which is the difference between two 
adjacent fundamental peaks ∆𝜆. It can be expressed as follows: 
 𝑭𝑺𝑹 = ∆𝝀 = 𝝀𝒎 − 𝝀𝒎+𝟏 =
𝝀𝒎
𝟐
𝟐𝒏𝒅 + 𝝀𝒎
=
𝝀𝒎
𝒎 + 𝟏
.     (2.11)  
On the other hand, FSRs in the frequency domain for the representative resonance modes 𝑓𝑚 
have a constant difference ∆𝑓 with 𝑓𝑚 = 𝑚
𝑐
2𝑛𝑑
 and 𝐹𝑆𝑅 = ∆𝑓 = 𝑓𝑚+1 − 𝑓𝑚 =
𝑐
2𝑛𝑑
.  Typically, negative 
values for mode number 𝑚 do not lead to independent modes because sin(𝑘𝑚𝑧) = − sin(𝑘−𝑚𝑧), and 
the value 𝑚 = 0 is associated with a mode that carries no energy because sin(𝑘0𝑧) = 0. Several 
resonator modes of a lossless planar mirror resonator and their assigned resonant frequencies inside 
the frequency spectrum are illustrated in Figure 2.4 (b).  
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Note that these equations can also be driven by considering a traveling wave in a resonator. 
However, the roundtrip length 2𝑑 of the aforementioned example must be substituted by the proper 
value for the given geometry, and additional phase shifts of mirrors (if present) have to be 
considered. For example, for a ring-like geometry resonator with a diameter D with confined light via 
TIR results in resonance modes when this condition is fulfilled (see Subsection 2.1.6 for more 
details):  
 𝒎𝝀𝒎 = 𝒏𝝅𝒅,   𝐦 = 𝟏, 𝟐, 𝟑,… (2.12)  
It is worth mentioning that this equation is valid only for a large mode number because in this 
condition the curvature of the resonator can be neglected along one wavelength cycle. It should also 
be noted that when the dimensions of the resonators are on the order of the wavelength of light, the 
refractive index needs to be replaced with the effective refractive index (𝑛𝑒𝑓𝑓), which could also be 
obtained from solving the Helmholtz equation with suitable boundary conditions.  
2.1.2.2 Optical Properties of Resonators 
The spatial (mode volume) and temporal (quality factor) confinement of resonance modes, as 
two important parameters of the optical resonators, depend on the cavity geometry, low-leakage 
configuration, and the use of low-loss materials. In the following section, a general overview of these 
characteristic figures of merit is presented in some detail, and the dependency of these figures on the 
geometry of the resonator is given.  
 Quality Factor (Q-Factor) 
The Q-factor is one of the key figures of merit for quantification of the temporal confinement of 
energy in an optical resonator. It can also be used to describe the loss mechanism in all kinds of 
resonant systems. The Q-factor, or more generally the capability of a resonator to store energy, is 
mathematically defined for each resonance mode (𝑓0), as follows: 
𝑸 = 𝟐𝝅𝒇𝟎  
𝐬𝐭𝐨𝐫𝐞𝐝 𝐞𝐧𝐞𝐫𝐠𝐲
𝐝𝐢𝐬𝐬𝐢𝐩𝐚𝐭𝐞𝐝 𝐨𝐩𝐭𝐢𝐜𝐚𝐥 𝐞𝐧𝐞𝐫𝐠𝐲 𝐩𝐞𝐫 𝐜𝐲𝐜𝐥𝐞
= 𝟐𝝅𝒇𝟎
𝑼𝑪
−𝒅𝑼𝑪/𝒅𝒕
                     (2.13)  
Moreover, the Q-factor can also be expressed via the photon lifetime 𝜏  [i.e., how long can the 
cavity confine the light (𝑄 = 𝜔0𝜏)] [25].  From Equation 2.13 and in the absence of external sources, 
the energy 𝑈(𝑡) can easily be specified as follows:  
 𝑼(𝒕) = 𝑼𝟎𝒆𝒙𝒑(−𝟐𝝅
𝒇𝟎𝒕
𝑸
)   (2.14)  
Although Equation 2.14 suggests that the Q-factor can be exactly obtained by measuring the 
temporal decay of the energy [60], this kind of measurement is not easy to accomplish in practice. 
Fortunately, the Q-factor can also be estimated by measuring the resonance linewidth in the 
frequency domain as shown in Figure 2.5, which is more practical. This method is introduced and 
discussed below.  
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Because of the proportionality 𝑈(𝑡) ∝ 𝐸(𝑡)2, an expression for the electric field in the time 
domain can be written as follows:  
 𝑬(𝒕) =  𝑬𝟎 𝐞𝐱𝐩 (−𝟐𝝅
𝒇𝟎𝒕
𝟐𝑸
) 𝐞𝐱𝐩(−𝒊𝟐𝝅𝒇𝟎𝒕)   (2.15)  
 
Figure 2.5: Illustration of the Q-factor, with FSR as typically defined in experiments. 
A straightforward Fourier transformation of this equation results in the following Lorentzian-
shaped intensity expression of the resonance frequency:  
 
𝑰(𝒇) ∝
𝟏
(𝒇 − 𝒇𝟎)𝟐 + (
𝒇𝟎
𝟐𝑸)
𝟐
 
(2.16)  
This Lorentzian line shape processes a full width at half maximum of ∆𝑓 = 𝑓0/𝑄. Thus Q-factor 
is defined as: 
 𝑸 =  
𝒇𝟎
∆𝒇
≅
𝝀𝟎
∆𝝀
 (2.17)  
As a matter of fact, this full width at half maximum (3-dB linewidth) of mode peaks can be 
minimized by minimizing the loss mechanism in the microresonators. The losses (e.g., absorption 
and scattering) result in a relaxation of the resonance mode, and the modes possess a certain 
spectrum width as shown in Figure.2.5. It is obvious that high Q values correspond to mode peaks 
that are sufficiently narrow. High Q resonators are useful in many applications such as frequency 
filtering and sensors because any small shift of resonance modes can merely be detected once the 
resonance peaks are sufficiently sharp. Common values of the Q-factors for some massively used 
resonators are summarized in Table.1. As can be seen that the highest reported values are typically 
attained by microsphere and microtoroid geometries. However, monolithic integration of those onto 
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photonic-chips in large number is a challenging task (see Subsection 2.1.5). Fortunately, novel rolled-
up microtube resonators can be used to address this issue (see Section 2.2 for more information).  
Table 2.1:Typical Quality Factors for Various Whispering-Gallery Mode Resonator Types. 
Q-factor Microsphere Microtoroid Microdisk Microtube2 Photonic 
crystal3 
Q 109 1010 105 1.5 × 105 and 5 × 103 104   
 Loss Mechanisms in Optical Microresonators 
As discussed in the previous sections, optical microresonators are of great interest because of 
their capability to trap light in a small volume by resonant recirculation. An ideal microresonator can 
confine light forever, but light leakage occurs in a real resonator mainly through several loss effects 
that can limit the Q-factor of the resonator. In general, material loss (𝑄𝑎𝑏𝑠
−1 ), various scattering loss 
(𝑄𝑠
−1), radiation loss (𝑄𝑟𝑎𝑑
−1 ), and extrinsic loss (𝑄𝑒𝑥𝑡
−1 ), are the four main loss mechanisms in optical 
resonators. Note that the extrinsic loss can occur only if light sent into the cavity by means of an 
external coupler such as an on-chip waveguide, tapered optical fiber, or a prism (see Subsections 
2.1.4 and 2.1.6 for more information). Despite the fact that radiation loss can be minimized by 
geometrical optimization of the resonator, other loss mechanisms are less dependent on the 
geometry of the resonators. For example, material loss is much less amenable to the geometrical 
layout of resonators and is highly dependent on the type of the materials used, so it can be minimized 
by selecting the appreciated materials with respect to the operational wavelength. Moreover, the 
scattering loss [e.g., sidewall roughness of ring resonator in a case of lateral coupling (see Figure.2.7 
(c)], is mainly minimized by optimizing the precision of the fabrication instruments. However, the 
total Q-factor can be written as follows:  
 
𝟏
𝑸
=
𝟏
𝑸𝒂𝒃𝒔
+
𝟏
𝑸𝒓𝒂𝒅
+
𝟏
𝑸𝒔
+
𝟏
𝑸𝒆𝒙𝒕
=
𝟏
𝑸𝒊
+
𝟏
𝑸𝒆𝒙𝒕
 (2.18)  
Where 1/𝑄𝑖 is called as the intrinsic loss mechanism of the resonator. The intrinsic Q-factor (Qi) 
of the most integrated optical ring resonators are commonly on the order of hundreds of thousands 
[25]. It is worth mentioning that in the case of microtube resonators, in addition to surface roughness, 
several other scattering effects also have to be considered. These include notch and nano-void 
scattering and will be discussed in Subsection 2.2.3 in some detail.  
 Finesse 
Finesse is another parameter that is frequently used to represent the quality of a 
microresonator. Finesse is closely associated with the FSR, which is approximately defined as the 
                                                             
2 1 × 105 is obtained from a transmission scheme in the telecom range [63], and 5 × 103   is achieved by using the µPL scheme in    
   the visible range [64]. 
3 See ref. [58]. 
2 Theoretical Background and State of the Art 
 
14 
 
ratio of the FSR to the full width at half maximum of the resonance modes. This parameter can be 
expressed in terms of resonance frequency and Q-factor as follows:  
 𝐅𝒊𝒏𝒆𝒔𝒔 =
𝑭𝑺𝑹
∆𝝎
= 𝑭𝑺𝑹
𝑸
𝝎𝟎
 (2.19)  
High-finesse cavities are crucial for several applications such as cavity quantum electrodynamic, 
sensing, and optical spectrum analysis, as well as for enhancing light amplitude into a resonator [65]. 
 Mode volume 
The mode volume is a parameter that is commonly used to describe the spatial confinement of 
modes in optical microresonators. Based on the application, there are several ways to define the 
effective mode volume (Veff) of a given resonance mode. The most common and useful definition of 
mode volume can be expressed as follows: 
 𝑽𝒆𝒇𝒇 =
∫𝒅𝒓𝟑𝜺(𝒓)|?⃗? (𝒓)|
𝟐
𝒎𝒂𝒙 [𝜺(𝒓)|?⃗? (𝒓)|
𝟐
]
.    (2.20)  
Where, 𝜀(𝑟) and ?⃗? (𝑟) are the dielectric constant and the electric field vector, respectively. It is 
worth mentioning that in this thesis, Q-factor and FSR are exclusively used to describe the fabricated 
microresonators. The details of the mode volume and finesse can be found elsewhere [25, 65]. 
2.1.3  Review of WGM Resonators and Material System 
This subsection provides a general overview of some common and widely used whispering 
gallery mode resonators (WGMs). At the end of this subsection, a review of the materials used to 
fabricate such resonators is given. 
Review of WGM Resonators 
As described in the previous section, Fabry-Pérot resonators typically consist of two or more 
mirrors and are the simplest form of resonator among others. However, practical implementation of 
such resonators is technologically limited, particularly if a high performance is needed. In addition, 
fabricating this family of photonic crystal microcavities is difficult and relatively expensive. To this 
end, whispering gallery mode (WGM) resonators, sometimes referred to as “morphology dependent 
resonators,” have been fabricated using a wide range of materials into various sizes and shapes, as 
shown in Figure 2.2. Their dominant modes are WGMs, and they have been of remarkable importance 
to many fields in optical science. Fabrication of such microresonators is also comparatively simple 
and inexpensive. As shown schematically in Figure 2.2, from the structural perspective WGM 
resonators can be organized into a number of distinct geometries. To keep the discussion short, thus 
in the following sections, a few of the most important geometries in terms of optical performance and 
ability to be integrated or combined with other materials and devices are explored in detail.  
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 Micro-sphere resonators are the simplest WGM resonators and typically have a spherical 
shape.  They can be fabricated using amorphous materials like fused silica [23] or most organic and 
nonorganic liquids [42]. They can provide an ultra-high Q-factor of order of 109  and offer a good 
platform for the basic research, but they generate a very complex mode spectrum. Moreover, the 
monolithic integration of these resonators with on-chip-waveguides is really difficult. On the other 
hand, it is difficult to insert internal nano-emitters, such as quantum dots (QDs) or quantum wells, 
inside the resonators. Thus for the optical characterization of such resonators, light can simply be 
coupled in and out using an off-chip tapered fiber. However, the tapered fiber scheme also suffers 
from several drawbacks, which is discussed in Section 2.1.5 and Chapter 5 in some detail. 
Furthermore, the integration with microfluidics continues to be very challenging task too. 
Micro-disk resonators have a disk structure and can be fabricated in very small sizes that 
provide a higher free spectral range (FSR) at a lower modal volume, which is quite important for 
signal processing and filtering applications. Such resonators possess high Q-factors, typically up to 
5 × 105 [52]. Owing to their fabrication process, nano-emitters can fully be embedded into such 
micro-disk resonators, but monolithic integration with on-chip waveguides is not easy. Thus optical 
characterization is usually performed using off-chip tapered fibers.   
Micro-toroid resonators have a toroid structure and demonstrate an ultra-high Q-factor of 
about 1010 [27, 40]. Although such a Q-factor is comparable to that of microspheres, they can be 
fabricated on-chip. Multiple published works recommend this type of resonators. However, they are 
restricted to the special materials such as SiO2 because they must be fabricated using a melting 
process. As a result, it is really challenging to embed emitters into the structure. Like microdisks, the 
monolithic integration of this device with on-chip waveguides is very difficult, and optical 
characterization is mostly carried out via tapered optical fiber.   
Microring resonators have been widely investigated and provide a moderate Q-factor of 
typically up to105 [25]. Owing to their high index contrast with the surrounding area, they can be 
fabricated as small as 5–10 μm. Nano-emitters can easily be integrated into such structures. 
Moreover, they have proved to be important elements in planar on-chip integrated photonics when 
signals are required for switching or filtering across photonic circuits. However, as a result of the 
rapid growth in data processing, several ring resonators need to be accommodated in a single 
photonic layer, which is really challenging. Fortunately, rolled-up microtubes, owing to their unique 
features, can easily address this issue. 
Microtube ring resonators have a micro tubular structure and present themselves as a novel 
form of WGM resonators [28, 29]. The study of such resonators in integrated photonic circuits is the 
topic of my doctoral thesis, and it is discussed in detail in the following sections. Microtube ring 
resonators are fabricated using rolled-up nanotech [66, 67], as discussed in section 2.2. Such 
resonators are compatible with on-chip integration technologies and can be fabricated from a wide 
variety of materials and sizes ranging from 10 μm to 30 μm in diameter. Owing to their elegant 
fabrication, they can monolithically integrated with on-chip waveguides. This is discussed in Chapter 
5. Their hollow core structures and ultra-thin walls make them a good choice for sensing and 
optofluidic applications. This is discussed in Chapter 6.  
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Material System 
Microresonators have proved to be useful for dense photonic integration. Smaller photonic 
devices are in high demand. The choice of material used for the device is a critical factor because it 
may affect the physical size of the device, how it is fabricated, and its performance. Device size is 
highly dependent on the index contrast between materials and surrounding media (i.e., higher index 
contrast facilitates making the photonic device very small with minimal bending loss). Moreover, for 
signal processing via optical microcavities, a large free spectral range is needed to elude signal cross-
talk.  This can be obtained with smaller resonators that can be made out of higher refractive index 
materials. Plenty of materials, including semiconductors (Si, InGaAs/GaAs, etc.) [25], polymers 
(PMMA, Ormocore, SU-8, etc.) [68], liquid droplets [42], crystalline materials (CaF2, lithium niobate 
etc.) [65], and amorphous material such as fused silica [24] have been used for optical microcavity 
applications. However, most (e.g., silicon) are limited to applications in a particular wavelength 
range. Other materials such as silica have a poor refractive index and thus need to be fabricated in 
relatively large sizes. However, we are interested here in cavities that have both a higher refractive 
index and remain transparent from the visible to the near-infrared and maintain compatibility and 
comparability with semiconductor materials. One appropriate choice is to fabricate our microcavities 
from titanium dioxide (TiO2) owing to its unique properties, as extensively discussed in Section 3.3. 
2.1.4  Coupling Techniques to High-Q WGM Microresonator via 
Evanescent coupling 
This subsection introduces and discusses common techniques used for the optical 
characterization of microresonators. In general, the methods require an inexpensive device like a 
tapered optical fiber, prism, or on-chip waveguide. Challenges and drawbacks to using some common 
methods are discussed in this subsection. Apart from the design and fabrication of the optical 
microcavities, the efficient coupling of light into and out of the cavities without harming its resonance 
mode, is one of the most challenging tasks. Typically, light can efficiently be coupled into or out of a 
cavity via an evanescent-field based on various geometries, as shown in Figure 2.6.  For example, the 
most widely used and most powerful schemes are based on prisms [69], tapered fibers [70], or on-
chip optical waveguides [71, 73, 74].  
Apart from being passive resonators, another technique is to excite embedded nano-emitters 
such as QDs, QD wells, or defects within the cavity (if it is feasible), the emitting PL is used to excite 
WGMs in the resonators (see Sections 3.2, 4.3 and 4.4).   Moreover, the coupling scheme needs to be 
inexpensive and robust. It must be easy to align the microresonator with the coupler. Most important, 
it must be able to provide on-chip integration. 
The prism-coupling scheme is traditional method used to send light into the microresonators. 
The light is sent to the surface of the prism to obtain the TIR, and subsequently the evanescent field 
is demonstrated there and is coupled with the microresonator, as shown in Figure 2.6(a). In 1989, 
Babinski et al. first used this method to couple light into microspheres 150 μm in diameter [69]. A 
quality factor as high as 108 was presented at the operational wavelength of 780 nm.   
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Figure 2.6: Various methods for coupling light into and out of a microresonator: (a) prism-coupling method; (b) fiber half-
block coupling method; (c) tapered fiber coupling method; (d) angle-polished fiber coupling method; (e) on-chip 
waveguide coupling. (Modified image from Ref. [72]). 
To obtain good coupling to a cavity, it was found that the position of the cavity and prism needs 
to be controlled to less than a 0.1λ.  However, such control is not easy to achieve because the prism 
is a bulky device. 
The tapered fiber coupling scheme is a commonly used and is still strong technique for 
obtaining a high coupling efficiency in resonators such as the microsphere [23] or microtoroid 
resonators [27]. In this technique, when a tapered fiber is brought into the vicinity of the resonators, 
favorable coupling from the tapered fiber into the resonators occurs once the propagation vectors in 
both the tapered fiber and resonators match. This approach, which was developed by Knight et al. 
[70] in 1997, fabricates the tapered fiber by heating and stretching it to couple light into the silica 
microsphere, which is 170 μm in diameter. Quality factors as high as 2 × 106 have been reported. 
Although this method seems promising and possesses some advantages, but it suffers from several 
drawbacks such as mechanical vibration, the fragility of a tapered reign, low reproducibility, lack of 
fabrication control, and system instability.  
In addition, as shown in Figures 2.6(c) and 2.6(d) the angle-polished fiber method and the fiber 
half-block coupling method are used to couple light into the cavity. However, these two methods also 
possess some drawbacks. For example, the fiber half-block coupling method suffers from light 
leakage into the substrate, and the angle-polished fiber method is not practical for handling [71]. 
 The on-chip waveguide coupling is a simple yet robust technique for achieving a high coupling 
efficiency [71, 73, 74]. In contrast to other methods, this scheme provides a versatile platform for 
complex circuit integration. Like the tapered-fiber scheme, light is coupled into the microcavity by 
allowing the tail of the evanescent field to extend into the guiding structure of the cavity from an on-
chip waveguide. The evanescent field tail from the cavity is allowed to couple into an output 
waveguide. As explained in tapered optical fiber method, when a suitable and efficient coupling 
between the waveguide and the resonators occurs, the propagation vectors in both waveguides and 
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resonators are matched with one another. Generally, this technique can use a lateral coupling or 
vertical coupling scheme, as discussed next. 
The concept of the lateral coupling and vertical coupling: 
 In the on-chip waveguide coupling approach, typically two physical geometries are used to 
couple light from on-chip waveguides into and out of the resonators. Figure 2.7 shows the concept of 
lateral and vertical coupling. In laterally patterned structures, both the resonator and the optical 
waveguide are in the same photonic layer and are evanescently side-coupled. In this scheme, surface 
roughness is the main source of optical loss, as shown at the top panel of Figure 2.7(c). 
 
Figure 2.7: The concept of (a) the laterally and (b) vertically coupled microresonators and the optical waveguide; (c) SEM 
images of the representative of lateral coupling (top panel) [62] and vertical coupling [73].  
There is a small gap on the order of 10 to 800 nm between the resonators and waveguides, and 
this gap determines the coupling strength. This limit set is established via the lithography technique.  
To achieve such fine gaps, deep UV or E-beam lithography followed by dry etching is essential. This 
is a commonly used coupling geometry because it is easily realizable with the aforementioned 
fabrication technology.  
As shown in Figure 2.7(b), in vertical coupling the optical waveguides and resonators are in two 
different photonic layers. Each photonic layer can optimized individually. For example, the 
waveguide optimally has a low loss, while the cavity optimally has a high-index contrast in the upper 
layer. Vertical coupling is aimed to control the coupling strength to a greater degree than etching fine 
gaps. The separation between the waveguide and cavities is realized by a deposition step rather than 
an etching step. As a result, the obtained gap is well controlled and very reproducible. Control over 
the coupling gap is very important because it defines the coupling strength between the two photonic 
devices. More important, this scheme is an invaluable road for the realization of densely integrated 
3-D structures to enhance the functionality of chips. Therefore, it is favorable to use vertically 
coupled microcavities to achieve devices with optimized features. This vertical scheme is considered 
in the present work. Note that, in this thesis, our resonators are fabricated using a micro-PL setup, a 
tapered-fiber scheme, and on-chip optical waveguides. The results are presented in Chapters 4, 5, 
and 6.  Note that all method discussed here are based on transferring optical power via evanescent 
field coupling. 
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2.1.5  Vertical Integration of High-Q WGM Microresonators with On-
chip Waveguides  
A continuous progression toward the integration of photonic components on a chip-scale is 
undeniable and in high demand for faster data processing and transport. To this end, vertical 
integration of high-quality WGM microresonators is one of the best solutions in responding to this 
demand. Therefore, the aim of this section is to provide an overview of how high-quality WGM 
resonators can be integrated with embedded optical waveguides. Note that this integration must be 
inexpensive as well as robust, reliable, and mechanically stable.  
2.1.5.1  Vertical Integration of Microsphere Resonators  
As mentioned earlier in this section, the tapered optical fiber scheme is the most commonly used 
technique to excite WGMs in a microsphere. By using this scheme, Q’s exceeding 109 has been 
obtained from this kind of resonator [25, 27]. However, to develop further practical applications, 
laboratory experiments are needed. More important, the development of a robust integrated system 
and the integration of this type of resonator with an on-chip waveguide can be an alternative to using 
the fragile tapered fiber scheme. Laine et al. demonstrated the first integration of the microsphere 
resonator and an optical waveguide in 2000 at MIT University [71, 74]. In their work, microsphere 
resonators were created by melting fiber tips. Integration of the microspheres and embedded 
waveguides was then successfully performed by attaching (i.e., gluing with epoxy beads) the sphere’s 
fiber stem on top of the waveguide chip, thereby suspending the sphere above the on-chip 
waveguides, as shown in Figure 2.8(a). Q-factors as high as 5 × 107 were obtained from the 
integrated microsphere 220 μm in diameter. This is invaluable for many practical applications. This 
was the first step in bringing high-Q silica microspheres close to integrated optics technology. 
However, this method is serial, time-consuming, and is not applicable for any massively parallel 
integration scheme. To the best of my knowledge, this has been the only reported work regarding the 
integration of microspheres with an optical waveguides. 
Figure 2.8: Vertical integration of high Q-factor microresonators with an on-chip waveguide. (a) Optical microscopic 
photograph of a microsphere WGM resonator suspended above an optical waveguide coupler chip. (Taken from Ref. [71, 
74] with permission). (b) Shows an optical image of the resonant SiO2 disc above the polymer waveguide array. (Taken 
from Ref. [75] with permission). (c) SEM image of a microtube resonator manually integrated on the waveguide (right and 
left insets show magnification of the center bridge-like part of the microtube and the cross section of the leg, respectively). 
(Taken with permission from Ref. [63]). 
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2.1.5.2 Vertical Integration of Microdisk Resonators 
 Similarly, silica microdisk resonators, which provide a high Q-factor, are usually examined using 
tapered optical fibers [70] and frustrated prisms [68]. However, these systems are not mechanically 
stable and have several drawbacks, as discussed in the previous section.  In 2006, Le et al. introduced 
a novel demonstration of an array of polymer waveguides vertically integrated to microdisk 
resonators, as shown in Figure 2.8(b) [75]. Apart from the integration of the microsphere resonators, 
this was an important step in introducing the high-Q microdisk to photonic integrated technology. Q 
of 3.4 × 106 and near-critical coupling were obtained from the 1.7 mm radius microdisk. Many 
researchers have since executed a monolithic integration of a microdisk with an embedded 
waveguide. 
2.1.5.3  Vertical Integration of Rolled-up Microtube Resonators 
In 2011, the manual integration of a microtube ring resonator and a silicon-on-insulator (SOI) 
waveguide was demonstrated by Tian et al. [63].  Microtubes were fabricated by rolling up 2D 
differentially strained InGaAs/GaAs quantum dot nanomembranes into 3D microtube ring 
resonators on GaAs substrate.  A single microtube was picked from a mother (GaAs) substrate via an 
optical fiber abrupt taper and directly placed on top of a SOI waveguide for optical coupling, as shown 
in Figure 2.8 (c). A Q of 1.5 × 105 was obtained from the waveguide integrated with a microtube with 
the diameter of ~7μm, wall thickness of ~250 nm, and length greater than 100 μm. To date, this value 
is the highest value reported for a toxic rolled-up microtube resonators at telecom range. However, 
like others, this method is not mechanically stable and is serial and time consuming, so it is not a 
suitable strategy for any massively parallel integration scheme. Therefore, it is very important to 
develop methods to monolithically integrate large arrays of microtube resonators with optical 
waveguides that not only allow massively parallel integration schemes but also have a very stable 
and reliable integrated system. Monolithic integration of rolled-up microtubes and waveguides is one 
alternative, and it is the main topic of this doctoral thesis. 
2.1.6 Power Exchange between On-chip Microresonator and Optical 
Waveguide  
To take advantage of all the properties of microresonators, it is crucial to send light into and out 
of the resonators in a precise way. As discussed in the previous section, a robust yet simple technique 
for exciting the optical modes in a passive WGM microresonator is through evanescent coupling by 
using on-chip optical waveguides positioned near the resonators (see Subsection 2.1.4). Figure 2.9(a) 
illustrates a geometrical scheme of a microresonator with an optical waveguide to couple light into 
and out of the resonator. Yariv defines the universal relation of the power exchange between a 
waveguide and a resonator [76]. Because the efficient coupling light takes place at a single 
region/point, this method is typically referred to as the point-coupling technique. Generally, in this 
scheme, in order to prevent excitation of different resonance modes the optical waveguides need to 
be single mode (i.e., only one mode propagates in the waveguides). Note that the following 
explanation can easily be applied for every WGM microresonator with any geometrical form and 
refractive index.  By assuming that, an optical beam with amplitude 𝐸1 and wavelength λ is injected 
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at the input port, and the resulting guided optical wave is allowed to propagate along its longitudinal 
direction. At the coupling region/point, where the gap between the microresonator and waveguide 
is close enough to allow the tail of the evanescent wave from the input port to extend in the vicinity 
of the resonator, the fraction (part) of the optical mode in the input port given by 𝑘𝐸0 is evanescently 
coupled into the resonators and the remaining part (𝜏𝐸0) continues to propagate along the 
waveguide (along the throughput port).   
     
Figure 2.9: single mode/multimode waveguide coupled to microresonator. (a) Geometrical layout of a microresonator 
coupled to an optical waveguide in general parameters. The electric field, coupling fraction, coupling loss fractions, and a 
roundtrip attenuation factor described by 𝑬𝒊, 𝒌, 𝝉, 𝒂𝒏𝒅 𝜶, respectively; (b) multimode microresonator trapping 6, 12, and 
16 bounces laterally coupled to a multimode optical waveguide.  
As shown in Figure 2.9(a) in the coupling region, the coupling coefficient (𝑘) and the 
transmission coefficient (𝜏 =  √1 − 𝑘2) can be expressed as 𝑘 =
𝐸1
𝐸0
 and 𝜏 =
𝐸2
𝐸0
, respectively [𝐸0 , 𝐸1 , 
𝐸2, and  𝐸3 are indicated in Figure 2.9(a)]. In principle, both 𝑘 (which specifies the part of the electric 
field coupled into and out of the resonator) and 𝜏 (which describes the part of the field is not coupled 
to resonator), have a real part as well as an imaginary part and can be defined to satisfy this 
equation|𝑘|2 + |𝜏|2 = 1.  Note that the values of 𝑘 and 𝜏, which vary between 0 and 1, can simply be 
controlled by changing the gap size between the WGM resonator and the optical waveguide.  For 
example, for a lossless coupling area, 𝜏 can be very close to 1, once the gap size is chosen to be larger 
than the spatial (exponential) decay rates of the guided modes. Within the WGM resonator, the 
excited resonance mode propagates and circulates around the resonator by TIR. After one round trip, 
the fraction of the mode with the amplitude of  𝐸3 = 𝛼exp (𝑖𝜑)𝐸1, is coupled into throughput port 
while the remaining fraction kept circulating around the cavity. In the aforementioned equation, 𝛼 is 
the total attenuation per round trip (𝛼 = 1 translates to lossless resonators), and 𝜑 = 2𝜋
𝑛
𝜆
𝑙𝑒𝑓𝑓 is the 
phase shift per roundtrip gathered by the optical mode. In this equation n and 𝑙𝑒𝑓𝑓 (𝑙𝑒𝑓𝑓 = 𝜋 ×
 diameter of resonators) are the refractive index of the resonator and the total effective optical path 
traveled by the mode, respectively. As a consequence, this continuing resonance mode can merely 
reinforce the new coupled resonance mode from the input port, provided that the phase difference 
between these two modes is 𝜑 = 2𝜋𝑚, where m = 1,2,3,4,…  and that they possess the same 
resonance propagation constant.  
In addition, the resonance condition for optical microresonators is simply achieved by 
appropriate substitution of these two latter equations as follows:  𝑚𝜆 = 𝑛𝐷, where m and D, are the 
resonance mode number and the diameter of the resonator, respectively. On the other hand, when 
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the evanescent modes come from the multimode optical waveguide, all the cavity modes may be 
excited. However, the modes that satisfy TIR and survive the resonator attenuation over one 
roundtrip can only make their own trip around the cavity. For example, Figure 2.9 (b) depicts the 
multimode microresonators in this case. Resonance modes with 6, 12, and 16 bounces are phase-
matched and so they can survive when excited. Therefore, it is indispensable to use a single-mode 
optical waveguide if the microresonator geometry has a multimode capacity (e.g., rings or disk 
resonators). The amplitudes of the electric field as shown in Figure.2.9 (a), can be summarized with 
the following equations [62, 76]: 
 𝑬𝟐 = 𝝉𝑬𝟎 + 𝒊𝒌𝑬𝟑 (2.21)  
 𝑬𝟏 = 𝝉𝑬𝟑 + 𝒊𝒌𝑬𝟎 (2.22)  
 𝑬𝟑 = 𝜶𝑬𝟏 𝐞𝐱𝐩(𝒊𝝋) (2.23)  
By proper substitution of equations 2.21 –2.23, the ratio of the output to the input field can be 
written as shown here: 
 𝑺𝟐𝟏 =
𝑬𝟐
𝑬𝟏
=
𝟏 − 𝜶𝒆𝒙𝒑 (𝒊𝝋)
𝟏 − 𝝉𝜶𝒆𝒙𝒑 (𝒊𝝋)
 (2.24)  
 Then, the normalized intensity at the throughput (transmission) port is given in equation 2.25: 
 
𝜏 = √1 − 𝑘2 ,depends on the coupling properties such as the coupling gap and the coupling length, 𝛼 
depends on the material and fabricating procedure, but 𝜑  depends only on the resonators’ size and 
refractive index. Hence, by having a refractive index, the features of the resonator at resonance are 
obtained solely by investigation of 𝜑. For example, at resonance (𝑚𝜆 = 𝑛𝜋𝐷) and 𝜑 = 2𝜋𝑚, equation 
2.25 can be simplified as follows: 
 |𝑺𝟐𝟏|
𝟐 = |
𝑬𝟐
𝑬𝟎
|
𝟐
=
(𝝉 − 𝜶)𝟐
(𝟏 − 𝜶𝝉)𝟐
 (2.26)  
When the coupling loss (𝜏) equals the attenuation in the cavity (𝛼) (i.e. 𝛼 = 𝜏) all input power 
from the optical waveguide is coupled into the cavity. Because both the optical field coupled back 
from the cavity into the optical waveguide (𝑘𝐸3) and the field directly transmitted through the optical 
waveguide (𝜏𝐸0) possess the same amplitudes and interfere destructively [77], the transmitted 
power is going to be zero, which translates to “critical coupling.” Or on the other words, in this 
coupling regime, the value |𝑆12|
2 attains its minimum value (i.e., |𝑆12|
2 = 0) [78]. 
In addition to this important type of coupling (i.e., critical coupling), the possibility of two 
additional regimes exists. Figure 2.10 depicts a representative normalized intensity transmission 
spectrum from a throughput port as given by equation 2.26 in three different coupling coefficients 
for a resonator with a D = 20 µm and n = 2.1. Such intensities are the function of the coupling strength 
and can be varied simply by changing the coupling coefficients.     
 |𝑺𝟐𝟏|
𝟐 = |
𝑬𝟐
𝑬𝟏
|
𝟐
= |
𝝉 − 𝜶𝐞𝐱𝐩(𝒊𝝋)
𝟏 − 𝝉𝜶𝐞𝐱 𝐩(𝒊𝝋)
|
𝟐
=
𝝉𝟐 + 𝜶𝟐 − 𝟐𝝉𝜶𝒄𝒐𝒔(𝝋)
𝟏 + 𝝉𝟐𝜶𝟐 − 𝟐𝝉𝜶𝐜𝐨 𝐬(𝝋)
 (2.25)  
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Figure 2.10: Typical normalized intensity (|𝑺𝟐𝟏|
𝟐) profile from the ‘‘throughput port’’ as a function of the wavelength at 
different coupling regimes of the waveguide coupled to microresonator (with D = 20 µm and n = 2.1).  The chosen 
attenuation factor in all three regimes is 𝜶 = 𝟎. 𝟗𝟖. 
When 𝛼 < 𝜏  it is referred to as an ‘‘under coupling’’ regime because the attenuation factor within 
the resonator is smaller than the directly transmitted light fraction. In this case, the gap size is larger 
than in case of the critical coupling. Thus the Q-factor is mostly specified with intrinsic resonator loss 
( 
1
𝑄𝑡
=
1
𝑄𝑖
  ). In case of  𝛼 > 𝜏  which is referred to as an ‘‘over coupling’’ regime, a large fraction of the 
optical field is coupled into/out of the cavity, and light can easily be coupled to the waveguide without 
concerns about modes being lost into the cavity owing to resonator loss. In this scheme, the gap size 
is much smaller than in the case of the critical coupling (often this gap is close to zero).  
Note that the coupled optical waveguide/fiber associated with the formation of a new leakage 
path for the optical energy stored in the resonator. This path establishes a new loss mechanism, 
which is typically introduced as the coupling loss. This loss can be formulated by using a coupling-Q 
parameter (QC). Therefore, in addition to the intrinsic quality factor, in the coupled system, the total 
quality factor is estimated by the following expression:  
1
𝑄𝑇
=
1
𝑄𝑐
+
1
𝑄𝑖
, where, QT, Qc, and Qi  are total, 
coupling, and intrinsic quality factors, respectively. Because both the optical field coupled back from 
the cavity into the optical waveguide ( 𝑘𝐸3) and the one directly transmitted through the optical 
waveguide ( 𝜏𝐸0 ) have different amplitudes, the extinction ratio in both over-coupling and under-
coupling regimes is much smaller than the critical coupling regime. In the experimental work, the 
coupling into and out of a cavity can be tuned simply by modifying the cavity loss, which also leads 
to control of the transmitted power 𝐸2  between zero and unity. Thus, this can be accomplished by 
controlling the coupling coefficient 𝑘, for instance, by changing the gap size between the cavity and 
optical waveguide that specifies the overlap between the evanescent fields of cavity and waveguide 
[78]. Moreover, by learning how to actively tune this gap [77], it is possible to propose a new kind of 
an optical modulator.  
As discussed in the previous section, the comportment expected of the cavity can be specified by 
its Q-factor. The Q-factor of the resonator can approximately be defined as follows: 
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𝑸 ≅
𝝀𝟎
∆𝝀𝟑𝒅𝑩
=
𝟒𝝅𝒏𝑫
𝝀𝟎 𝐚𝐫𝐜𝐜𝐨𝐬 (
𝟏 + (𝜶𝒌)𝟐 − 𝟒𝜶𝒌
−𝟐𝜶𝒌 )
 
(2.27)  
Figure 2.11 shows a typical Q-factor of the integrated resonator with optical waveguide given by 
equation 2.11 as a function of the coupling coefficient at resonance wavelength (e.g., in our case 
λ=1552.3 nm, 𝛼 = 0.98, and D=20 μm).  The Q-factor is decreased when the coupling strength 
increases. It is worth noting that, generally for fabricating an optical filter based on a microresonator, 
the critical coupling regime should be used because the intensity in the throughput port drops to 
zero. However, it represents a middle ground for the resonator Q-factor, as shown with vertical 
dotted green line in Figure. 2.11. In practice, obtaining critical coupling is very challenging, 
particularly in laterally patterned structures. 
 
Figure 2.11: Q-factor and normalized waveguide output intensity (|𝑺𝟐𝟏|
𝟐) from the ‘‘throughput port’’ at resonance 
wavelength ( λ = 1,552 nm) as a function of the coupling coefficient for a lossy microcavity  (D =  20 μm , n = 2.1). The 
chosen attenuation factor in this cavity is 𝜶 = 𝟎. 𝟗𝟖. The vertical dotted green line (A) illustrates the critical coupling 
regime while the intensity in the ‘‘throughput port’’ dropped to zero, but the cavity possesses the moderate Q-factor when 
compared with the under-coupling regime.  
2.2 Rolled Tubular Microstructures as Optical Microring 
Resonators 
As mentioned in the previous sections, optical microcavities are one of the most promising 
optical devices that have been developed in modern linear and nonlinear photonics over the past 
three decades. Owing to their versatility, they have been widely used and studied in many areas. Such 
devices offer (ultra-) high-quality factors [27,54], small mode volume [59], a dense and monolithic 
integration on a photonic chip [25], and an excellent platform for opto-fluidic sensing applications 
[32,33]. However, to combine all of these features into a single optical cavity, which is in great 
demand for future 2D and 3D integrated photonic circuits, is challenging. Fortunately, optical ring 
resonators based rolled-up nanotechnology could provide a good solution to face this challenge. 
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Rolled-up microtube ring resonators have been realized using a combination of top-down and 
bottom-up strategies. These novel resonators have attracted great interest and, accordingly, have 
opened up several interesting applications [79-92], thanks to advances in rolled-up-nanotechnology. 
In the following section, the use of rolled-up tubular microstructures as optical resonators is 
discussed. First, a general overview of rolled-up nanotechnology is presented. Then, theories about 
the confinement of light in microtube resonators, including a section on the principles of measuring 
the optical loss and the Q-factor, are reviewed. At the end of this section, a review of the current state 
of the art of rolled-up resonators from fabrication to application is presented.  
2.2.1 Rolled-up Nanotech 
As discussed in the preceding sections, rolled-up nanotech is a relatively young, 
interdisciplinary, promising, and intriguing technology that is useful for the fabrication of novel types 
of optical microcavities [28, 29]. It is, therefore, essential to understand this technique. Originally, 
this technology was developed for use with semiconductor materials [66, 67]. A few years later, an 
improved roll-up technique was developed, which has been applied to a wide range of materials 
resulting in several attractive applications [34, 93]. In this section, the underlying principle of how 
strain is applied to thin films (nanomembranes) is presented in detail with the aim of explaining how 
the strain-driven self-rolling procedure works. 
 Strain-Driven Rolled-up Microtubular Structures  
Rolled-up nanotech is an invaluable and particularly appealing technique that involves the 
release and relaxation of two-dimensional nanomembranes into microtubular structures that roll 
themselves up/down as a result of strain [66, 67]. As a consequence, the strain that is incorporated 
into the nanomembranes induces a (de-) formation mechanism. Based on the strain gradient and its 
magnitude, representative deformations can be wrinkling, bending, folding, or ridging [94, 95]. 
Intuitively speaking, a small (or even zero) strain gradient generates wrinkles, while a large strain 
gradient causes the nanomembrane to bend or roll into the 3D architectures [96]. To date, this 
technique has been proved to be an intriguing process for several applications in a wide variety of 
fields ranging from nanoelectronics [34] and magnetoelectronics [98] to biophysics [79, 93], energy 
storage [97], novel concepts for metamaterials [96], and nano-photonics [87]. For example, in nano-
photonics, these microtubular structures are an invaluable choice for integrated optoelectronic 
devices and cavity quantum electrodynamics applications (see Subsection 2.2.3 for more 
information). Because of their importance, a basic theory for fully depicturing the self-rolling 
mechanism for rolled-up microtubular structures is necessary. 
 Physics Behind the Formation of the Rolled-up Microtubes by Strain Relaxation 
The formation of the 3D microtubular structure is the result of minimizing the strain energy, 
which is attained by relaxing the strains of the nanomembranes system. A clear understanding of this 
mechanism is crucial to achieving microtubes with precise dimensions. To understand its physical 
mechanism according to strain-stress theory, a simple model is given in Figure 2.12(a). Here a bilayer 
film, containing two thin films (layer 1 and layer 2) with a thickness of d1 and d2 bonded respectively 
on a sacrificial layer, is prepared. The layers are subjected to biaxial strain 𝜀1  and 𝜀2 , respectively. 
Normally these two strains are not equal.  
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Therefore, for simplicity, the strain gradient and average strain of the thin film (bi-layer), 
respectively, are written as follows: 
 ∆𝜺 = 𝝐𝟐 − 𝜺𝟏 (2.28a)  
 𝜺𝒂𝒗𝒈 = (𝟏 − 𝜸)𝜺𝟏 + 𝜸𝜺𝟐 (2.28b)  
In equation 2.28b, 𝜸 =
𝒅𝟐
𝒅𝟏+𝒅𝟐
.  Moreover, the initial elastic strain energy built in the film is 
defined as: 
 𝑬𝟎 =
𝒀
𝟏 − 𝝊
(𝒅𝟏𝜺𝟏
𝟐 + 𝒅𝟐𝜺𝟏
𝟐), (2.29)  
Where  υ and Y are the Poisson ratio and the Young’s modulus, respectively. Intuitively speaking, 
dissimilar isotropic elastic constants (e.g.,  𝑌1, 𝜐1𝑌2, 𝜐2) could be considered if needed; however, for 
simplicity, we assumed here that layers 1 and 2 have a similar Poisson ratio and Young’s modulus. 
 
Figure 2.12: Schematic illustration of (a) the basic model, which contains a bi-layer (layer 1 and 2) (blue), a removable 
sacrificial layer  (red), and a substrate (brown); (b) bent film with radius of curvature R; and (c) a cylindrical curvature  
structure is formed on substrates by rolling up nanomembranes with a strain gradient. The process is begun and 
controlled by  selective removal of a sacrificial layer. 
When the sacrificial layer (either inorganic or organic film) is selectively dissolved in a chemical 
etchant, a thin solid film is released from a substrate and bends up or down because of an internal 
strain gradient (∆𝜀). It worth noting that for the case ∆𝜺 > 𝟎 the bilayer bends up from the substrate, 
and the opposite condition ∆𝜺 < 𝟎 leads to a rolling-down of the thin solid film to the substrate (see 
Figure 2.13). Once the sacrificial layer is removed to some extent, strain relaxation occurs in the free-
hanging bilayer film [with the length l, see Figure 2.12 (b)] and starts bending. It is important to bear 
in mind that once the gradient is zero or small (∆𝜺 < 0.5%), the thin solid film prefers to wrinkle, but 
it will roll up if the gradient is larger than 0.5 % [96].In the latter case, as shown in Figure 2.12(c) 
after further etching, the sacrificial layer of the free-hanging bilayer tends to roll to achieve the 
minimized elastic strain energy and, as a result, a bend structure with a cylindrical curvature is 
obtained. Thus by following the formula below, it is possible to find the tube diameter D as: 
 𝑫 =
𝐝𝟏
𝟒+ß𝐝𝟏
𝟑𝐝𝟐+𝟔ß𝐝𝟏
𝟐𝐝𝟐
𝟐+𝟒ß𝐝𝟏𝐝𝟐
𝟑+𝐝𝟐
𝟒ß𝟐
𝟑𝚫𝛜ß(𝟏+𝛎)𝐝𝟏𝐝𝟐(𝐝𝟏+𝐝𝟐)
  , (2.30)  
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In equation 2.30,  𝒅𝟏 and 𝒅𝟐 are the thickness of layer 1 and 2, ß = 𝒀𝟏 𝒀𝟐⁄  are the ratio of the 
Young’s modules 𝒀𝒊 (𝒊=𝟏,𝟐)  of both layers, 𝜟𝝐 is internal strain gradient, and 𝝂 is the Poisson’s ratio, 
which is approximately the same for each layer. As mentioned above, by assuming that 𝒀𝟏 ≈ 𝒀𝟐 
equation 2.30 can be simplified to: 
 𝑫 =
𝟏
𝟑𝜟𝝐
(𝒅𝟏 + 𝒅𝟐)
𝟑
𝒅𝟏𝒅𝟐(𝟏 + 𝝊)
  (2.31)  
Both equations 2.30 and 2.31 undoubtedly indicate that the self-rolling procedure relies on the 
strain situation (𝜟𝝐,𝛖) and the layer thicknesses (d1, d2), which heavily depends on the thin film 
growth parameters. As shown in Figure 2.12(c), eventually the thin solid films can roll into a 
microtubular structure once the film length is longer than its circumference along the rolling 
direction. A more general and analytical explanation of the bending behavior of pre-strained bilayers 
can be found in the doctoral thesis of Peter Cendula [100].  In this work, all the nanomembranes (thin 
solid film) are deposited using physical vapor deposition (PVD) techniques based on electron beam 
evaporation, as discussed in detail in Section 3.2. Therefore, the origin of the pre-strain into bilayers 
(nanomembranes) could be attributed to three major effects, which are summarized as follows: 
 𝛆 = 𝛆𝐭𝐡 + 𝛆𝐢𝐧 + 𝛆𝐞𝐱 ,  (2.32)  
Where,  𝜺𝒕𝒉 is thermal strains, 𝜺𝒊𝒏 is intrinsic strains, and 𝜺𝒆𝒙   is extrinsic strains [101]. A more 
detailed discussion of this subject can be found in the doctoral thesis of Junwen Deng [102].  
 
Figure 2.13: Schematic illustration of representative self-rolled microtubes in which the thin solid film is (a) rolling up or 
(b) rolling down of a thin solid film due because of the residual tensile or compressive strains, respectively. (Modified 
image from [102]). 
2.2.2 Optical Resonances in Microtubular Structures and Effective 
Refractive Index 
To understand and calculate the optical resonances in the rolled-up microtubular structures, 
multiple approximations need to be considered because of the tubes complex geometrical shape. For 
example, one straightforward yet useful approximation is to assume that confined light within the 
cylindrical microtubular structure propagates merely in the azimuthal direction. To obtain the 
azimuthal propagation of light around the tube circumference, its rolled-up spiral shape can easily 
be simplified to a circular ring-like for shape that possesses an effective refractive index ( 𝒏𝐞𝐟𝐟 ). As 
shown in Figure 2.14 and also referring to Kipp et al. [28], circular ring-like resonators can be 
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considered equivalent to a one-dimensional planar dielectric waveguide with an optical trajectory 
length 𝑳 under periodic boundary conditions.  
 
Figure 2.14: (a) A rolled-up spiral multilayer microtube with a diameter 𝑫 and several windings of layers, each having a 
different refractive index𝒏, can easily be simplified via assuming the indices to be alike (b) a circular ring-like shape with 
an effective refractive index neff, which can be approximated by (c) a linear optical waveguide with the optical path length 
of 𝑳 = 𝝅𝑫 under periodic boundary conditions. (Modified image used with permission from Ref [106]). 
When  𝐿 ≈ 𝜋𝐷 =
𝑚𝜆𝑚
𝑛eff
 , 𝑚 = 1, 2, 3… , azimuthal modes (m) can simply be obtained by solving 
the Helmholtz equation (equation 2.9). In this equation, 𝑚, 𝜆𝑚, and 𝑛eff are the azimuthal mode 
number, resonance peak position in the obtained wavelength spectrum, and effective refractive index 
inside the tube wall, respectively. The resulting resonant modes are commonly named as the 
fundamental modes. As a result, effective refractive index (𝑛𝑒𝑓𝑓), which is usually used to describe 
the azimuthal confinement, can be obtained from the achieved experimental data by measuring FSR 
(as defined in Figure.2.5) that is the difference between two adjacent resonance peaks/dips (𝜆𝑚 
and 𝜆𝑚+1) , as described in the following [103]. 
𝑭𝑺𝑹 = 𝝀𝒎 − 𝝀𝒎+𝟏 =
𝝅𝑫𝒏𝒆𝒇𝒇
𝒎
−
𝝅𝑫𝒏𝒆𝒇𝒇
𝒎 + 𝟏
=
𝝅𝑫𝒏𝒆𝒇𝒇
𝒎(𝒎 + 𝟏)
=
𝝅𝑫𝒏𝒆𝒇𝒇
𝒎
 ×
𝟏
(𝒎 + 𝟏)
≡
𝝀𝒎
(𝒎 + 𝟏)
,  (2.33)  
Using equation 2.23, the azimuthal mode number (𝑚) can be written as follows: 𝑚 = 
𝜆𝑚
𝐹𝑆𝑅
− 1, 
where m is the nearest integer number. Then the following equation for 𝑛𝑒𝑓𝑓 is obtained:    
  𝒏𝒆𝒇𝒇 =
𝝀𝒎
𝝅𝑫
 (
𝝀𝒎
𝑭𝑺𝑹
− 𝟏) (2.34)  
and when 𝑚 ≫ 1, this equation can be simplified as follows:   
     𝒏𝒆𝒇𝒇 ≈
𝝀𝒎
𝟐
𝑭𝑺𝑹
𝟏
𝝅𝑫
 . (2.35)  
It is clear that a high 𝑛𝑒𝑓𝑓 results in a better confinement. Note that this simple approximation 
merely explained as a 2D confinement. However, in the actual microtube, light can also propagate in 
the axial direction along the tube axis (see the doctoral thesis of Shilong Li [56] and also the doctoral 
thesis of Stefan Böttner [104]). In my doctoral thesis, I used this simple approximation to understand 
my experimental observation from the fabricated microtubes. It has been reported by Sumetsky 
[105] that the Q-factor of a microtubular structure that confines light in 3D is about 2.54 times higher 
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than that of a 2D resonator. Further consideration of what influences the Q-factor and what is the 
major obstacles on the way to achieve higher Q-factors are explained in the following. 
 The Principles of Measuring the Optical Loss and the Q-Factor in Rolled-up Microtube 
Ring Resonators 
As discussed in Subsection 2.1.2, the Q-factor of resonance structures is generally limited by 
numerous loss effects, which are irremovable in principle. In the case of rolled-up microtube 
resonators, in addition to absorption loss, radiation loss, and substrate leakage, multiple scattering 
effects such as surface scattering, step scattering, and interlayer void scattering are the main loss 
mechanisms that together determine the total intrinsic quality factor of a rolled-up microtube 
resonator. The intrinsic Qi-factor of the microtube resonator structure can therefore be defined as 
follows:  
 
𝟏
𝐐𝐢.
=
𝟏
𝐐𝐚𝐛𝐬.
+
𝟏
𝐐𝐬𝐮𝐛.
+
𝟏
𝐐𝐫𝐚𝐝.
+
𝟏
𝐐𝐬𝐮𝐫𝐟.
+
𝟏
𝐐𝐬𝐭𝐞𝐩.
+
𝟏
𝐐𝐢𝐧𝐭𝐞𝐫𝐥𝐚𝐲𝐞𝐫 𝐯𝐨𝐢𝐝.
 (2.36)  
Note that, all of the aforementioned effects do not influence the Q-factor with the same 
magnitude. More detailed information about these differences can simply be found in the doctoral 
thesis of Stefan Böttner [104] and in the diploma thesis of Jens Trimmer [107]. However, a brief 
overview on each of them is given here. It is well known that material absorption loss is less amenable 
to the curvature of thin-walled microtube resonators and/or any optimization of the geometry of the 
resonators.  Although this loss can be minimized by selecting a material such as SiO2 or TiO2, which 
have a small absorption coefficient (𝛼 = 4𝜋𝑘/λ) (or have relatively low extinction coefficient 𝜅). 
However, it is usually negligible compared to other loss mechanisms for moderate Q-values that 
microtube resonators have. For example, TiO2 is expected to have very low absorption in the both 
visible and near infrared spectrum, leading to a decrease of the absorption loss. Using TiO2 at λ=1550 
nm, a refractive index n=2.2, and an absorption coefficient α ≈ 2.709 dB/Km, leads to an upper limit 
of around 𝑄𝑎𝑏𝑠. ≈ 0.8 × 10
10, which is calculated using the equation 𝑄𝑎𝑏𝑠. = 2.54
2𝜋𝑛
𝛼𝜆
. Hence, 
absorption loss can be neglected for rolled-up resonators and is not a major Q-factor limit.  
The optical leakage to the substrate (𝑸𝑺𝒖𝒃.)  is another possible effect that could decrease the Q-
factor. This leakage may be minimized either by fabricating the tubes so that they have a bridge-like 
geometry (i.e., so that the center part is elevated above the substrate) [28] (see Figure 2.15) or by lifting 
the microtube off the substrate [108]. Previous studies have shown that light scattering due to 
surface roughness can be another possible cause of losses in optical microresonators[23]. To 
estimate the roughness of the fabricated microtube, AFM measurements can be performed. In the 
case of a rolled-up microtube, two surfaces (the inner wall and outer wall) are inspected. For 
example, for our fabricated TiO2 microtubes (see Chapter 4), it was found that the microtubes have 
ultra-smooth surfaces with a root mean square roughness (Rq) of 0.40 and 1.24 nm for the outer and 
inner surface, respectively. The upper limit can easily be calculated via 𝑄𝑟𝑜𝑢𝑔ℎ = 2.54
𝜆2𝐷
2𝜋2𝑅𝑞
2𝐵
, where 
D and 𝐵 ≈ 8 nm are the tube diameter and the correlation length of the surface inhomogeneity 
estimated from the AFM scans of the inside wall [111]. The calculated limit is in the range of 𝑄𝑟𝑜𝑢𝑔ℎ ≈
4 × 108 − 4 × 109, which is very far from the experimental observation [109,110] (≅ 103). As 
discussed in Ref.104, radiative loss (𝑄𝑟𝑎𝑑.) can occur due to the curved geometries and also the 
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nonuniform wall thickness of microtube resonators. Optimizing the wall thickness, the refractive 
index (using high-refractive-index materials such as TiO2), and the diameter of the microtube 
resonators can minimize this type of loss. However, it was found that a limit for radiative limited Q-
factor is 𝑄𝑟𝑎𝑑. > 10
5, which is still outside of the experimental results [109,110] (≅ 103). Therefore, 
this effect can also be considered negligible.  
The spiral structure of the microtube results in the steps at the transitions between thick and 
thin parts of microtube (or notch at the both ends), which leads to scattering, light, and consequently 
a decrease of the Q-factor. However, due to the small step size (≤ 100 nm) and wavelength that is 
one order of magnitude smaller than the wavelength of light (λ≥ 1550 𝑛𝑚), it was found that this 
effect is, as expected, not a major Q limit (𝑄𝑠𝑡𝑒𝑝. ≈ 10
5 ) [112]. Light scattering at the interlayer void  
(𝑄𝑖𝑛𝑡𝑒𝑟𝑙𝑎𝑦𝑒𝑟 𝑣𝑜𝑖𝑑.) occurs when the spiral shape is not rolled up tightly. This effect discussed quite well 
in the doctoral thesis of Stefan Böttner (Section. 4.1.4, page 47) [104]. As a consequence, it was found 
that interlayer voids occurring during roll up are a major Q-factor limitation for the fabricated rolled-
up microtube resonators and can be the greatest obstacle to achieving a high Q-factor. However, the 
interlayer voids may be minimized or even avoided by optimizing the fabrication process. For 
example, strain engineering by using a suitable roll-up pattern geometry may be encouraging 
methods for eliminating these ‘‘wrinkles.’’ This method is discussed in some detail in the doctoral 
thesis of Peter Cendula [100].   
2.2.3 Applications of Rolled-up Optical Microtube Ring Resonators  
Owing to their unique properties, the most familiar and practical applications of WGM 
resonators based on rolled-up microtubes are found in integrated optics, optoelectronics, and lab-
on-a-chip applications such as photonic filters [30,64, 109,110, 113-115] (e.g., add/drop filter or 
drop filter), waveguide coupled components in 3D multi-level optical data [14], ultralow threshold 
lasers [85,89], and optofluidic sensors  [32,33, 82-84]. The high-Q microtube resonators considered 
in the current work could potentially be used as a photonic filter (drop filter), as discussed in 
Chapters 4 and 5. Moreover, since the microtubes have a hollow core structure and the tube wall of 
the microtubes is extremely thin, they are well-suited for optofluidic applications and sensing 
purposes, as discussed in Chapter 6. The next section briefly explains the photonic filter and 
optofluidic applications that are the focus of the current research. 
 Photonic Filters 
To date, WGM resonators show great potential for use as photonic filters and are most commonly 
used in this way. The aim of using photonic filters based on WGMs is to selectively filter the resonance 
modes and to use them for signal processing. However, such applications has rarely been studied 
using stable microtube resonators. Resonance filtering between waveguides and microtube cavities 
has been achieved by manually placing a single waveguide/fiber [109,110, 113-115] (drop filter) or 
two fibers [30] (add-drop filter) in the vicinity of a tube’s surface to evanescently excite the cavity 
modes. Recently, I demonstrated a drop-filter configuration made from microtube ring resonators, 
which are monolithically integrated with on-chip waveguides; the results are discussed in Chapter 5.  
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Moreover, rolled-up microtube resonators are promising candidates for chip-level integration 
because they can vertically confine light, which is the top subject of future work. 
 Sensors and Optofluidic Microring Resonator 
Microtube ring resonators, owing to their ultra-thin walls and the hollow core structures, are 
frequently used for sensors and optofluidic microcavities. Their ultra-thin walls allows a high 
evanescent field of WGMs to penetrate outside the tube wall and both the resonant frequencies as 
well as the Q-factors of WGMs are affected by the ambience. Moreover, the hollow cores of these 
microtubes are an excellent microfluidic channel for optofluidic applications and can be 
recommended for use in efficient cooling in densely packed optoelectronic circuity as well. In 
contrast with 2D resonators such as microspheres, microdisks, and planar ring resonators, the entire 
microfluidic channel is the sensor, which makes them exciting candidates for massively parallel 
optofluidic detection of cells and biomolecules. More important, rolled-up microtubes are well-suited 
for parallel microfluidic on-chip integration as opposed to liquid-core optical ring resonators. By 
exploiting shifts in WGM peaks, a rolled-up microtube resonator can detect differences in the 
surrounding media (i.e., inside hollow core or outside microtube). Rolled-up microtubes have been 
reported to exhibit sensitivities of between 62 nm/RIU [31] (refractive index unit) and 880 nm/RIU 
[33]. Apart from their higher sensitivity, the monolithic integration of the optofluidic rolled-up 
microtube ring resonators with an on-chip waveguide is another important parameter for optical 
sensors. This is discussed in some detail in Chapter 6.  
2.2.4 State-of-the-Art of Rolled-up Optical Microtube Ring Resonators 
As discussed in the earlier sections, VRU-MRRs were fabricated using the established methods 
of rolled-up nanotechnology. This technology was invented by Prinz et al. [66] and Schmidt et al. [67], 
who rolled up the strained nanomembranes using InGaAs or SiGe grown by molecular-beam epitaxy 
(MBE) to form nanotubes. Growing out of an ongoing interest in photonics, the first VRU-MRR as a 
novel form of WGM resonator was demonstrated by Kipp et al in 2006 [28]. The VRU-MRR was 
fabricated using InGaAs/GaAs with self-embedded InAs quantum dots (QDs) within the tube 
windings. The embedded QDs serve as a light source to probe the cavities’ mode structure with Q-
factors of up to 3,200 under laser excitation at cryogenic temperatures. However, implementation of 
the resulting VRU-MRRs onto silicon microchips was limited by the use of III-V semiconductors. Such 
incompatibilities are not a factor for oxide-based tube resonators (e.g., SiOx/SiO2, single TiO2 etc.).  
Results are given in Chapter 5 and 6.  Moreover, InGaAs/GaAs microtubes are not suitable for 
biological applications owing to arsenic toxicity. The first nontoxic VRU-MRR consisting of Si/SiOx, 
which operated at room temperature using Si nanoclusters or nanocrystals as light emitters formed 
by the SiOx layer, was developed by Songmuang et al. [29] in 2008. However, both of these VRU-MRRs 
relied on a costly MBE growth technique that is strongly restricted to certain heterostructures and is 
thus incompatible with a large number of applications. Fortunately, the possibility of fabricating 
VRU-MRRs without using a costly and complicated MBE techniques was invented and demonstrated 
soon after by Mei et al. in 2008 [93]. They rolled up a broad range of materials and covered polymer 
sacrificial layers with metals (e.g., Pd, Fe, Pt, etc.), oxides (e.g., ZnO, Al2O3, TiO2, etc.), and nitrides (e.g., 
SixNy etc.). Using this technique, large arrays of rolled-up SiO/SiO2 microtube resonators with Q-
factors of up to 2,300 have been fabricated on silicon microchips [116], which triggered further 
2 Theoretical Background and State of the Art 
 
32 
 
research aimed at improving optical quality factor with respect to the choice of materials [64] or 
exploring resonance tuning by atomic layer deposition [117]. To illustrate the potential of single-
layer TiO2 tubes for further improvements of Q-factor in silicon photonics, results are detailed in 
Section 4.4, where tubes are interfaced with tapered optical fiber.  
On the other hand, light confinement in VRU-MRR relies on its own geometric structure. 
Therefore, further improvements on VRU-MRRs have been made through novel designs of roll up 
patterns. For instance, the VRU-MRR obtained from a U-shaped pattern proposed by Kipp et al. [28] 
in 2006 is an interesting example of how simple 2D patterns can be rolled-up into bridge-like 3D 
tubes. The bridge-like middle segment is elevated above the substrate to prevent optical leakage into 
the substrate. In addition to this, a 3D confinement (axial potential well) was created by adding a 
small lobe to the abovementioned U-shaped pattern at the middle part by Strelow et al. [92] in 2008. 
Not much later, this interesting confinement was also realized from an asymmetric cone-shaped tube 
structure [108] that is obtained by unevenly rolling up circular shaped patterns. Owing to the 
additional windings in both cases, a locally increased average refractive index is obtained, which 
leads to a strong light confinement in the free-standing area.  An exemplary schematic sketch is 
shown in Figure 2.15, and both of the methods were used in the current work.   
 
Figure 2.15: 3D confinement in a rolled-up tube from: (a) an asymmetric cone-shaped tube structure. (Image taken from 
[105]). (b) A tube with a lobe structure that can accommodate additional windings to increase the effective refractive index 
of the subwavelength-thick wall. The U-shaped pattern causes a bridge-like structure that prevents optical losses [89] 
(Image taken from [61,101]). 
So far, the fabrication of VRU-MRR has already been successfully applied to the realization of 
new devices [30, 31, 34] and the development of a wide number of applications [79-92], mostly owing 
to their ultra-thin walls which is one of the key features of these microstructures. The thin tube wall 
facilitates a highly penetrating evanescent wave that is sensitive to changes in the ambient refractive 
index, which is used for sensing applications. 
In 2008, the first on-chip refractometer sensor based on rolled-up Si/SiOx microtube ring 
resonators was demonstrated by Bernardi et al. [32]. It was shown that microtubes can be fully 
integrated onto a single chip and that because the optical modes of those resonators are sensitive to 
liquids inside or outside the tube [118] they allow analysis of liquids. This demonstration paved the 
way further works on label-free optofluidic sensors [33, 79] and the lab-in-a-tube concept [99], 
wherein other (non-optical) applications of tubes can be contained.  
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In addition to optical sensing applications [32, 33], VRU-MRRs have also been used as part of 
PICs. For example, a single VRU-MRR was picked from a mother substrate and directly placed onto 
an on-chip waveguide [63,115]. However, this scheme has some disadvantages. In this context, it is 
of interest to develop techniques to monolithically integrate VRU-MRRs with optical waveguides, 
which is crucial for advanced photonic applications. This is discussed in Chapter 5. Apart from these 
examples, additional active/passive integrable photonic elements based on rolled-up microtubes 
such as microtube lasers [85, 89], phototransceivers [88], add-drop filters [30], and directional 
couplers [86] have also been demonstrated.   
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‘’An experiment is a question which science poses to Nature, 
and a measurement is the recording of Nature's answer.’’ 
-Max Planck 
 Fabrication and Characterization Methods  
As presented and discussed in the preceding chapters, rolled-up nanotechnology has been 
established and recognized as a mature and promising technology for manufacturing rolled-up 
microtubes [66,67].  In this chapter, the essential techniques exploited to fabricate and characterize 
rolled-up microtubes are introduced and discussed. In the first section, methods such as 
photolithography and different deposition techniques and materials used to fabricate rolled-up 
optical microcavities are described in some detail. Afterwards, various measurement techniques, 
including optical and physical characterizations, as well as imaging methods, which are commonly 
used in this research field, are presented. It should be mentioned that all techniques discussed in this 
chapter are the precondition to elucidate the experiments and results either from isolated on-chip 
microtubes (i.e., rolling tube on the flat substrate) or integrated microtubes (i.e., rolling tube on 
optical waveguide chips). 
3.1 Fabrication Methods 
The general fabrication process used for constructing rolled-up microcavities based on rolled-
up nanotech, relies mainly on four major stages: (1) standard photolithography processing; (2) 
simple angular electron beam (E-beam) evaporation; (3) the roll up into 3D microtubes by 
dissolution of the sacrificial layer with an organic solvent; and (4) drying the tubes with a critical point 
dryer (CPD), as documented in Figure 3.1. Optionally, atomic layer deposition (ALD) may be added to 
the process of manufacturing rolled-up microtubes either to coat the tube surface with a thin layer 
of material (e.g., HfO2, Al2O3, or TiO2), to study the sensing behavior (as discussed in Chapter 4.4), or 
to enhance the optical confinement [30, 117,119] or even the structural integrity [33] of fabricated 
microtubes if it is needed. The details of all fabrication process are described in the following section. 
3.1.1 Standard Photolithography Processing 
Photolithography, also known as microlithography, is used to transfer predefined patterns on a 
photomask to the surface of a substrate, which is spin-coated with a photoresist layer by using a light 
exposure. In this technology, an ultraviolet (UV) light is commonly used as a light source. A 
photomask is typically a quartz or glass plate, coated with an opaque film, which carries the 
patterning information. The photoresist is the light-sensitive material; it consists of polymers 
chemical solubility of which change once exposed to UV light. In principle, there are two types of 
photoresists: positive and negative. Once a sample is exposed to UV light, it is positive/negative when 
the exposed/unexposed areas are dissolved in the development step using a chemical developer 
solution.  
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Figure 3.1: Schematic of the fabrication procedure of microtubes from a photoresist sacrificial layer. The photoresist (red) 
is patterned by optical lithography. A bilayer (blue) is then grown via angled deposition. Finally, the sacrificial layer is 
removed with an organic solvent such as acetone, isopropanol, or DMSO, resulting in the rolling of the 2D thin film 
nanomembrane into the 3D structure. 
Basically, there are three exposure procedures: contact printing, proximity printing, and 
projection printing. The working principle of each method is studied in detail elsewhere [120]. In the 
current doctoral thesis, the contact mode photolithography process is employed and also a quartz 
plate which is patterned with chrome (Cr) is used as a photomask. In this process, the photomask is 
positioned on top and connected with the surface of the photoresist-coated substrate and then 
exposed to UV-light as schematically illustrates in Figure.3.2 (a). The Cr patterns on the photomask 
(the opaque areas) prevent to expose selected areas of the photoresist film from beings exposed to 
the UV-light. While the transparent area on the mask allows to exposed the photoresist in the desired 
locations on the coated substrate with the photoresist film.  
 
Figure 3.2: (a) Schematic illustration of the standard photolithography process used to print patterns on a positive 
photoresist layer. (b) Resulting patterned photoresist after the development step, which removes the regions exposed to 
UV light. (Modified image from Ref. [106]). It is worth noting that here, the substrate can be either flat Si/glass wafers or 
photonic waveguide chips.   
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Afterwards, the sample is subjected to a development step (following a wet chemical etching 
process), that dissolves either the exposed or unexposed photoresist areas depending on changes of 
the chemical properties of the photoresist after UV-light exposure. After the development step, as 
depicted in Figure 3.2 (b), three dimensional photoresist structures are constructed with the imprint 
of the transparent or opaque patterns area on the photomask. Figures 3.2(a) and 3.2(b) schematically 
display the patterning transfer process employing a positive photoresist, which was the method 
primarily used in this doctoral work. Hence, the photolithography method offers a versatile platform 
for adjusting the dimensions, the number of windings, and the geometry of the self-rolled-up 
microtubes based on rolled-up nanotech, where the patterned photoresist is exploited as a sacrificial 
layer. In addition, this technique provides an opportunity to engineer the number of microtubes and, 
more important, to control their spatial distribution on the substrate. This feature is invaluable when 
the micro-tubes need to be monolithically integrated with photonic waveguides in the precise 
positions of the waveguides (detailed in Chapters 5 and 6).  In general, the photolithography 
procedure always consists of the following main steps: (1) substrate preparation and cleaning 
treatment; (2) spin-coating of the photoresist film on the substrate, where the spin-speed adjusts the 
film thickness; (3) soft baking;  (4) photomask alignment using quartz (or glass) as the supporting 
bulk material and a chrome layer on top of the structure; (5) patterning of the sacrificial layer 
(photoresist film) using a photomask; and finally (6) development and hard-baking.  These steps are 
described in detail in the following section. 
 Substrate Preparation and Cleaning Treatment 
In general, the type of the substrate material does not play a crucial role in the fabrication 
process of the rolled-up microtube. Hence, various material systems can be used, such as Si wafers 
[121], cover slips [121] with smooth surfaces or rough substrates, or silicon-on-insulator (SOI) 
wafers with embedded on-chip optical waveguides [110,113,122]. The only concern is to ensure that 
the photoresist and organic solvents do not affect the chemical and physical properties of the 
substrate material during the preparation process. 
In the present doctoral thesis, silicon wafers were initially used as a substrate.  The substrates 
were usually made out of 4-inch silicon wafers, which were cut into squares of 10 × 10 mm2 because 
smaller Si wafers were more convenient to handle. But before the cutting, a thick layer of the 
photoresist was spin coated as a protective layer to prevent a contamination during the cutting 
process. Moreover, in this work, I used SOI wafers with embedded on-chip silicon/polymer photonic 
waveguides as the substrates to demonstrate a full integration of the microtubes on optical 
waveguides. 
The on-chip waveguides were prepared in two sizes: 6 × 6 mm2 and 10 × 10 mm2. Prior to 
photoresist spin coating of the fabricated substrates, typical contaminants, including the resist and 
any other impurities, must be removed by a general cleaning procedure. The samples were cleaned 
by immersing them into a series of acetone and isopropanol baths in combination with an ultrasonic 
bath as follows: 
(1). Immersing the samples in an acetone bath and putting them in an ultrasonic bath for 15 minutes. 
(2). Rinsing the samples with isopropanol.  
(3). Blow drying the samples with a nitrogen pistol.  
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Finally, the substrates were baked out at 120°C for 10 minutes to remove all residual liquids 
from the substrate surface. 
 Spin-coating of sacrificial film on the cleaned substrate 
After preparing and cleaning the substrates, a monolayer of the adhesion promoter and the 
sacrificial layer were deposited by spin coating onto the cleaned substrate using a KARLSUSS SM 240 
spin coater. They were then dried on a hot plate.  An adhesion promoter was used to prevent any 
possible delamination of the sacrificial layer from the cleaned substrate during the development 
process. It is worth noting that all the parameters that are needed to apply for spin coating and pre-
baking may be slightly modified during this work to adapt for different substrate dimensions.  For 
example, experimentally we discovered that by keeping the spin speeds of the spin coater constant, 
the uniformity and homogeneity of the sacrificial layer and the adhesion promoter become extremely 
difficult to achieve on the smaller samples. As a result I had to optimize the spin speeds for each size. 
As mentioned in the previous subsection, three different types of the substrates were used in this 
work. To perform spin-coating on these substrates, the standard parameters for the adhesion 
promoter TI PRIME (4) and for the positive photoresist AR-P 3510(5) were found to be as follows: 
(1). Spin coat TI Prime at 3500 rpm for 20 seconds for  10 × 10 mm2 substrates and at 8500 rpm for  
        20 seconds for  6 × 6 mm2 substrates. 
(2). Bake at 120 °C for 120 seconds on a hotplate for both 10 × 10 mm2 substrates and 6 × 6 mm2  
            substrates. 
(3). Spin coat positive photoresist AR-P 3510 at 3500 rpm for 35 seconds for the 10 × 10 mm2  
             substrates and at 8500 rpm for 35 seconds for the 6 × 6 mm2 substrates. 
(4). Hotplate hard baking at 90 °C for 2minutes for both 10 × 10 mm2 substrates and 6 × 6 mm2   
            substrates. 
Figure 3.3(d) shows the resulting patterns with a surface roughness of ≈ 0.2 nm  and a height of 
≈2.5 µm for the 10 × 10 mm2 substrates and a surface roughness of ≈ 0.2 nm and a height of ≈1 µm 
for the 6 × 6 mm2 substrates, measured by an atomic force microscope (AFM) and a stylus 
profilometer (Dektak 8, Veeco Instruments Inc).  
 Patterning of sacrificial layer and development 
After coating substrates with positive photoresist, they are subjected to the following final steps 
of the photolithography process. In our clean room, there are three different mask aligners for 
patterning of the sacrificial layer onto the substrates spin-coated with the photoresist. In this work, 
patterning of the sacrificial layer onto the flat substrates spin-coated with AR-P 3510 (Allresist 
GmbH) was performed using a MA56 MASK ALIGNER from KARLSuss or a MJB4 MASK ALIGNER SÜSS 
MicroTec AG. The µPG 501 Laser Beam Direct Write lithography systems from Heidelberg 
Instruments was used for patterning of the sacrificial layer onto the SOI wafers with the embedded 
waveguides substrates. In the former mask aligners, the adjusting distance was 150 µm. The light 
exposure of the resist took place in contact mode through a physical mask for 9 to 10 seconds using 
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a UV exposure of 365 nm. The exposed areas were subsequently removed by using a dilution of the 
developer AR 300-35 (6) and deionized water in a ratio of 1:1 volume/volume. The duration of the 
developing step is between 35 and 40 seconds. The development was stopped through rinsing the 
samples in pure deionized water. Afterwards, they were dried under a nitrogen flow and stored in 
plastic boxes for further processing outside the clean room. Patterns with various geometries (e.g., 
U-shape, rectangular, and circular) on the substrates were used in this work (see Section 4.2). For 
example, Figures 3.3(a–c) illustrate the U-shape-patterned photoresist structures obtained by 
following the photolithographic process on a flat Si substrate, polymer waveguide, and Si waveguide, 
as described above. 
 
Figure 3.3: Top-view optical microscope image of a U-shape-patterned photoresist: (a) on a flat Si substrate with 2.5 μm 
thickness; (b) on a polymer waveguide with 2.5 μm thickness; and (c) on Si waveguides with less than 1 μm thickness, 
patterned using positive photoresist (AR-P 3510). (d) The AFM scan shows a scanned area 10 by 5 μm on top of the resist, 
marked by the black square in (c). The surface roughness of the resist is calculated to Rq=0.2 nm. 
As it is noted before, we used the photoresist as a sacrificial layer, which provides the simplest 
choice of the sacrificial layer, because nearly all inorganic materials can remove polymeric thin films 
(with 100% selectivity) using common organic solvents (e.g., acetone, alcohols, or dimethyl 
sulfoxide). However, other materials (e.g., metals such as copper or oxides such as SiO2 and GeOx) can 
also be used as a sacrificial layer for rolling up any inorganic materials such as TiO2. A particular 
advantage of the latter sacrificial layer (i.e. Oxides) is the possibility of high-temperature deposition 
or an additional patterning process of the nanomembrane with a resist mask before the rolling-up of 
the nanomembrane itself (see [121] for more information). A new restriction on a deposited 
nanomembrane such as TiO2 can occur when the sacrificial layer and, consequently, the appreciated 
solvents used for the selective removal (which leads to the rolling of the membrane) change. For 
instance, in the case of a silica sacrificial layer, an HF solution is used to remove it, which may 
seriously damage the titania grown at room temperature, while the titania deposited at temperatures 
higher than 300°C is resistant to the HF solution and so a proper rolling up of the thin films can be 
obtained. Thus, for depositing titania at high temperature, the silica sacrificial layer can be used 
because the photoresist pattern would be damaged by such high temperatures.  
3.1.2 Deposition Methods 
In this subsection, a general overview of all deposition techniques employed in this doctoral 
thesis is presented. First, an angular electron beam evaporation technique used to deposit 2D pre-
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strained dielectric nanomembranes that later are rolled up into sophisticated 3D microtube 
microstructures is reviewed. Next, the methods for washing away the sacrificial layer for rolling up 
strained nanomembrane and drying the samples using a critical point dryer (CPD), which are 
essential for preserving the structural integrity of rolled-up microtubes, is described. At the end of 
this section, the use of an atomic layer deposition (ALD) tool as an additional and optional deposition 
approach, which is performed to increase the wall thickness and the refractive index of the fabricated 
microtube, is explained. 
3.1.2.1 Angular Electron-Beam Evaporation 
Electron beam (E-beam) evaporation, as a form of physical vapor deposition (PVD) technique, is 
arguably one of the most inexpensive, invaluable, and widely used methods for fabricating thin film 
from almost any available material. In this technique, a massive electron beam is generated from a 
heated filament (i.e., the Edison effect) by electric (high DC voltage) and magnetic fields. Next, the 
stream of electrons emitted and accelerated to strike source target material (e.g. pellets of titanium) 
filled into the crucible and after being heated up in a crucible by electron bombardment, they turn 
into vapor inside a high vacuum (HV) environment. When the source material is heated above its 
boiling temperature, the energy is transferred, and its surface atoms will have enough energy to leave 
the surface.  At this point, they move toward the sample and whenever the evaporated materials 
reach the surface of the sample, they condense and form a thin film coating on its surface. A magnetic 
field is usually used to periodically modify the position of the E-beam to heat up a larger volume in 
the crucible. Thereby, the deposition rate is determined by the intensity of the beam and this 
modulation. And later on, this can be adjusted simply by sending the current through the filament, 
which serves as a cathode. In an E-beam evaporator, the deposition of material is based on a 
directional deposition method, so only the surfaces of the substrate in the line of sight of the crucible 
will be coated. When samples face the crucible at a particular angle, an uncovered small window at 
one edge of the patterned photoresist is created during the deposition. This angle between the 
evaporation flux and the sample (from 0° to 90°) can be adjusted when the substrate is loaded into 
the chamber. Owing to the tilted form of the sample [93,123], this technique is typically referred as 
an “angular e-beam deposition technique” in this thesis. It is shown schematically in Figure.3.4.  
The angular e-beam deposition method is particularly useful for fabricating microtubes used to 
perform roll-up nanotech on patterned photoresists. As mentioned above, a shadow region is 
naturally obtained by ballistic effect when a tilted flux material is deposited on a patterned 
photoresist. This shadow (gap region) is exploited as the initial etching edge where the organic 
solvent starts to dissolve the sacrificial layer (photoresist) because it can easily detach here while the 
sacrificial layer is dissolving. Figure 3.5(a–b) displays a schematic and an optical image from the 
shadow window region obtained by a tilted deposition.  
 
In the current work, an angular e-beam evaporator (BOC Edwards FL400, Germany) was used 
to deposit a TiO2/TiO2 bilayer with nanometer thickness, also known as nanomembranes, on a 
patterned sacrificial layer. One of the crucibles was filled with 1- to 6-mm pieces of titanium 
pellets (Kurt J. Lesker Company) with a purity of 99.99%. The sample was placed in the chamber 
at an angle of 15° with respect to the e-beam direction in order to prevent the deposition at the 
top-edge of the resist structure, as specified in Figure 3.4. The electron beam was generated by 
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applying a high voltage of 8 kV to a thermionic cathode. The deposition rate was regulated by 
adjusting the current in the filament. The deposition rate and also the film thickness were monitored 
using a quartz crystal resonator through its frequency change. Deposition with a 15° glancing 
angle results in a window open at the edge of the patterned shapes, which is still partially 
exposed to air. 
 
Figure 3.4: Schematic illustration of the angular e-beam evaporation technique. An intense electron beam is focused on a 
source material and heated above its boiling temperature and evaporated to form a thin film on the surface of a tilted 
sample (respect to the evaporation flux). The deposition rate and the film thickness are monitored by a quartz crystal 
resonator. It is worth noting that the substrate can be either flat Si wafers or SOI wafers with embedded optical 
waveguides. (Modified image from Ref. [103]) 
This permits a well-defined starting point for the subsequent removal of the sacrificial 
layer as shown in Figure 3.5(a) with an arrow dashed line. Figure 3.5(b) represents the 
resulting covered resist structure obtained by following the deposition process on the flat Si 
substrate as described above. More details are given in the next chapters. Thus, the achieved layer 
thickness was measured over a crystal oscillator, which was calibrated beforehand using dek-tack. 
The deposition on top of the photoresist patterns was then carried out using the two-step process to 
generate differentially strained nanomembranes. This process can be used to deposit one or two 
different materials with different deposition parameters. A strain was incorporated into the TiO2 
nanomembranes by varying the deposition rates. In order to generate enough strain gradient within 
the deposited bilayer to roll up the microtube, the first film is prepared using a slow deposition rate 
(< 0.4 ˚A/s), and the second film is deposited onto the first one using a high rate deposition rate (> 
3.3 ˚A/s). Because TiO2 was deposited by evaporating pellets of Ti metal in an oxygen (O2) 
atmosphere, it is essential to introduce enough oxygen into the evaporation chamber so that the 
evaporated titanium molecules react with the oxygen and form TiO2 before reaching the substrate. 
Moreover, it is also expected that oxygen molecules enhance the stoichiometry of the deposited 
material and affect the phase of TiO2 film as well (as discussed in Section 3.3). In this work, the 
pressure inside the chamber was 2.6 × 10−4 mbar. The deposition steps were performed at room 
temperature to protect the patterned photoresists, which are very sensitive to heat (temperature-
stable up to 120 °C).  Detailed process parameters for all samples fabricated from different 
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geometries such as U-shaped, and rectangular, and circular patterned photoresists used in this work 
are given in Chapter 4. The influence of the resulting layers on the diameter of the fabricated 
resonators is also discussed in Chapter 4. 
 
Figure 3.5: (a) Schematic illustration of creating the shadow window at the straight edges of photoresist patterns on 
top of the substrate by using the angular deposition technique. An arrow indicates directional deposition in which a 
rolling direction is imposed to the deposited layers. (Modified image from Ref. [106]). (b) Top view of the optical 
microscopy image resulting from a covered resist structure on a flat substrate with a strained TiO2/TiO2 nanomembrane. 
The achieved shadow region is visible on the top side of the image like a white area. The arrows indicate the shadowed 
windows. 
3.1.2.2  Sacrificial Layer Etching for Rolling Up 
After deposition of the 2D differentially strained nanomembranes onto the surface of the 
samples with patterned photoresist (see the previous subsection), the obtained samples are ready to 
be rolled up into 3D microtube structures. The whole sample is immersed into a liquid solvent 
medium. Acetone, isopropanol, N-methyl-2-pyrrolidone (NMP), and dimethyl sulfoxide (DMSO) are 
standard organic solvents used to selectively dissolve the sacrificial layers (photoresist). For this 
work, DMSO was used as the etching medium because it can dissolve and remove the used AR-P3510 
photoresist (sacrificial layer) with 100% selectivity and it has very low vapor pressure compared to 
acetone. By dissolving the sacrificial layer, the 2D differentially strained nanomembranes bends up 
and spontaneously curls into a 3D microtube structure from the previously defined shadow window, 
as schematically illustrated in Figure 3.6.  
Next, the microtubes roll-up and remain on the vertical wall constructed by the material 
deposited on the side of the sacrificial layer. This feature is very desirable because it prevents optical 
leakage to the substrate when the microtubes are acting 3D optical ring resonators. It is worth noting 
that some of the nanomembranes in the sample do not roll or may roll only partially [107] because 
of the fast etching rates, fluid turbulence [124], or both.  However, further optimization may increase 
the yield of tubes that are rolled to the end. A yield of almost 100% for SiOx/SiO2 tubes rolled from 
rectangular patterns has already been reported by Harazim et al [116].  
Moreover, in Chapters 4, 5 and 6, I will show that it is possible to achieve a yield of complete 
rolling of nearly 100% over the entire sample of TiO2 tubes rolled from either rectangular [121] or 
U-shaped [110] patterns by optimizing the deposition parameters. In this work, we used DMSO to 
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roll up strained TiO2 nanomembranes. Interestingly due to the refractive index of TiO2 
nanomembranes were higher than this organic solvent then the rolling could easily be observed 
under an optical microscope to ensure a full roll-up, which is usually finished within a few minutes.  
Consequently, it was possible to judge the status and quality of the rolling process [e.g., see Figure 
3.6(b)]. In the case of SiO2, when DMSO or NMP were used the rolling could not be observed via 
microscope because the refractive index of DMSO and NMP are comparable to SiO2 nanomembranes.   
 
Figure 3.6: (a) Schematic process of releasing a 2D differentially strained nanomembranes and rolled up into 3D 
microtube structure on a substrate (e.g., flat silicon wafer and photonic waveguide chips). The shadow area produced by 
the e-beam evaporator in angle deposition permits solvents to enter and dissolve the sacrificial (photoresist) layer. (b) Top 
view of the optical microscopy image of the observable rolled-up microtubes immersed into DMSO (an organic solvent). 
This method provides a way to monitor and evaluate the status and quality of the rolling process before executing the next 
step. The arrow indicates the rolling direction of the 2D nanomembrane into 3D microtube structure.  
As a result, the samples had to be left in the solvent for several hours to ensure that the SiO2 
nanomembranes fully rolled up. Finally, the photoresist is washed away completely, and the samples 
were transferred from DMSO and immersed in isopropanol for further cleaning and, more 
importantly, to prepare them for the subsequent drying steps, which are explained in the following 
subsection.  
3.1.2.3 Supercritical Point Drying 
Supercritical point drying (CPD) is a well-established method for removing a liquid from a target 
sample around its critical point in a very precise and well-controlled way. This process is essential to 
prevent or minimize deformation, bursting, or collapse of the structure due to surface tension, or 
expansion of the evaporating solvent during a conventional drying process.  The critical point takes 
place at a certain temperature (T), and corresponding pressure (P), where both liquid and gas phases 
may coexist and therefore possess the same density. The T-P phase diagram (temperature vs. 
pressure) for carbon dioxide (CO2) is shown in Figure 3.7 to have a critical point at 31.1°C and 73.8 
Bar. In the rolled-up nanotechnology world, CPD is also a suitable way to dry the fragile (nano-) 
microstructures and keep them alive during the dying process. In this work, a commercial CPD 
supplied by CPD 030, Bal-Tec was used to dry the samples that were immersed in the organic solvent 
medium after washing away the sacrificial layer. The working principle of the CPD tool is as follows. 
After filling the CPD with acetone and/or isopropanol, the CPD was cooled down to a temperature of 
10°C.  Then, the acetone and/or isopropanol was slowly replaced by liquid CO2 under high pressure, 
around 50 Bar. Afterwards, the liquid CO2 was heated up to 40°C to reach a pressure of 80 Bar. Under 
these conditions, liquid CO2 will be in the supercritical state, where distinguishable phase between 
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liquid and gaseous phases do not exist [as illustrated in Figure 3.7(a)].  The fluid is then slowly 
removed by releasing it through a gas valve without a sharp liquid-gas transition to prevent the 
microtubes from collapsing. The "123" path in Figure 3.7(a) illustrates the CPD process for liquid 
CO2. The optical microscopy image in Figure 3.7 (b) shows collapsed microtubes after regular air-
drying. By contrast, the CPD approach preserves the structural integrity of the rolled-up microtubes 
as depicted in Figure 3.7(c).  
Figure 3.7: (a) Supercritical point drying process.  T-P (temperature vs. pressure) phase diagram of CO2. The path ‘’123’’ 
illustrates a drying procedure of CO2 through the supercritical region. (b) Top-view optical microscopy image of ‘’ collapsed 
‘’ microtubes after drying through the liquid-gas phase boundary (without using CPD). (c) Top-view optical microscopy 
image of microtubes, with preserved structural geometry, after drying through the supercritical region. The arrows 
indicate the rolling direction of the U-shaped bi-layer on the SOI wafer with embedded Si waveguides. (Image (a) and text 
modified from [122] with permission). 
3.1.2.4 Post-Processing with Atomic Layer Deposition 
Atomic layer deposition (ALD) is an advanced thin film deposition technique, which is capable 
of providing some unique features in terms of uniformity and thickness control for various material 
systems. In general, the ALD method is similar to the chemical vapor deposition (CVD) technique.  
The only difference between these two approaches is that in the ALD method, the precursors are 
accomplished sequentially and they are never present in the reactor simultaneously. The details of 
the principle of ALD process are described extensively in Puurunen’s review of the surface chemistry 
of atomic layer deposition [125].  The ALD deposition process can simply be described as a sequence 
of at least four steps: (1) precursor pulse; (2) first purge; (3) pulse of second reactant; and (4) second
purge, which is called the ALD cycle, as shown in Figure 3.8 using the example of Al2O3 grown from 
trimethylaluminium (TMA) and water. This cycle sequence can be used to deposit an Al2O3 layer on 
the surface with a final thickness that depends only on the number of complete cycles. The ALD 
system in our clean room is designed to grow Al2O3 (aluminum (III) oxide), HfO2 (hafnium (IV)-oxide), 
and TiO2 (titanium (IV)-oxide) film, which uses water and trimethylaluminium (TMA), tetrakis 
(dimethylamino)-hafnium (TDMAH), or tetrakis (dimethylamino) titanium (TDMAT) as precursors.  
Only standard deposition recipes were used, and these can be found in the thesis of Jens Trommer 
[107]. 
 In this work, ALD was carried out to increase the wall thickens as well as the refractive index of 
the fabricated TiO2 microtube very precisely by depositing the HfO2 and/or TiO2 on the both inside 
and outside of the tubes. This step creates a fabricated TiO2 tube that is thick enough to support the 
confinement of both polarization of TM and TE for long wavelength infrared (IR) light [31]. It also 
increases the attachment of tube on the substrate or mechanically enhances the fabricated 
microtubes. More details on this can be found in the thesis of Dr. Stefan Böttner [104]. 
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 In my thesis, ALD coating was performed by adding a thin layer of HfO2 to a fabricated TiO2 
microtube to tune the WGMs of the fabricated cavities and create a Vernier-like tuning effect, as 
discussed in Chapter 4. 
 
Figure 3.8: Schematic illustration of an ALD cycle using Al2O3 grown from water and trimethylaluminium (TMA). 
(Adapted image from Ref. [126]). 
3.2 Characterization Methods  
This section is dedicated to present the optical methods used in this work. They are essential to 
specify the ability to confine the optical modes within rolled-up microtube cavities. Moreover, the 
tools required to investigate the physical morphology of the rolled-up microtube structures are 
discussed at the end of this part.  
3.2.1 μ-PL Spectroscopy to Excite and Observe Resonances Modes 
Photoluminescence spectroscopy is an optical, nondestructive, noncontact, and broadly used 
method used to probe the electronic structure of materials. When a sample is illuminated by a light 
source, a photo-excitation process can occur, which causes the material to excite to a higher 
electronic state. The material can then release energy and return to a lower energy state by emitting 
light at longer wavelengths. The emission of light via this procedure is called photoluminescence (PL) 
[128].           
It should be remarked that one of the interesting features of our rolled-up microtube cavities is 
that their PL emission originate from inherent emitters or embedded light emitters (e.g., colloidal 
nano-emitters) within the tube walls. Once the emitters become excited, they can emit a broadband 
light ranging from visible to near-infrared. Because of constructive interference, the emitted light can 
be confined within the cavity structure as resonance modes. Resonance optical modes are simply 
detected as sharp and narrow peaks with a regular space on top of the broadband PL emission 
background. Note that in the case of the inherent emitters, the exact origin of this PL emission in 
these kinds of structures is not yet comprehensively clarified and understood. For instance, it was 
explained by trace amounts of residual photoresist [109] on the sample or unspecified defect centers 
similar to those found in silica [127]. In this thesis, the excitation and detection of optical resonant 
modes from the fabricated microtubes (with and without embedded with the colloidal nano-
emitters) is performed using a commercial confocal laser μ-PL spectroscopy at room temperature, 
supplied by Renishaw inVia, as depicted in Figure 3.9. 
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Figure 3.9: Schematic illustration of the used micro-PL setup to excite and detect optical resonances. (Modified image 
from Ref. [104]). 
In fact, μ-PL as a free-space approach for excitation of resonance modes in rolled-up microtube 
cavities. It is an active method, which means that a nanoemitter is needed as an internal light source. 
The titanium dioxide material of the tube wall has PL properties. Although these PL properties are 
poor, but they can act as an internal light source for the resonant modes when the tube is irradiated 
via laser [109,121,144].However, this drawback of using TiO2 microtubes can be addressed by 
embedding luminescent nanoparticles within the tube wall. This is discussed in detail in Chapter 4.  
A μ-PL setup was performed using a He-Cd laser with an excitation line of 442 nm. The pump 
beam was routed and focused through a 50 × microscopic objective lens (with a spot size is of ≈
1µ𝑚2) onto the microtube, which was mounted to a precision XYZ stage. The luminescence signals 
from the examined tube were collected by the same objective and diffracted in an optical 
spectrometer with 1,200 blz/mm. An electrically cooled charge coupled device (CCD) camera was 
used for spectral analysis. Interestingly, automatic spatial optical maps of the tube cavity were 
feasible by successively exciting the tube wall along the tube axis with a lateral resolution of 1 µm. In 
addition, the polarization mapping was useful for investigating the polarization properties of the 
optical resonance modes with the aid of a combination of a motorized half-wave plate (λ/2) and a 
polarizer (Glan-Thompson) mounted in the measurement light path. The λ/2 changes the 
polarization state of the PL signal, and then the linear polarizer attenuates the incoming PL signal by 
blocking one polarization component of the signal that is perpendicular to the transmission axis of 
the polarized signal.  In this way, TM polarized modes (with an electric field of the resonant light 
parallel to the tube axis) or TE modes (which have an electric field perpendicular to the tube axis) 
can selectively be obliterated. The results of the line mapping and polarization mapping, including 
these two states of polarization are shown and discussed in Chapter 4.  
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3.2.2 Transmission Measurement of Waveguide/Tapered Fiber 
Coupled Rolled-Up Microcavities 
Although, the μ-PL spectroscopy is the today’s massive used approach to study optical resonance 
modes in rolled-up microtube cavities [28, 29] and considered as a standard tool to easily probe the 
optical modes of rolled-up microtubes. However, this technique relies on and is limited by the 
presence and performance of nano-emitters and sufficient scattering of the optical modes. This 
scheme is therefore not useful for evaluating the features and competencies of rolled-up cavities as 
building blocks for photonic networks-on-chip in the telecom spectral range. For example, some 
interesting applications such as optical filtering, multiplexing, or modulation need transmission 
configuration that can conveniently be achieved using an on-chip waveguide or a tapered fiber, 
where the evanescent field overlaps with the mode of the resonators.  
 
This technique of coupling light into rolled-up microcavities is both very flexible and passive 
method, which means that no nano-emitters are needed as internal light sources. As a result, 
measurements can be taken at any desired wavelength range where the microcavity reveals the best 
performance for a particular application. Interestingly, this scheme provides to selectively excite a 
single mode and permits the exploration of the light trajectories within the microtube both spatially 
and spectrally, which is impossible in μ-PL based approaches, in which multiple modes are excited 
simultaneously.  
The working principle of this technique is based on the wavelength- and polarization-dependent 
transmission measurement of an on-chip waveguide (or an optical fiber) connected to a tunable laser 
and a photodiode.  Once a linearly polarized light from a tunable laser is coupled into the waveguide 
or tapered fiber and then evanescently coupled into the rolled-up microtube cavity, the transmission 
spectrum changes, and resonances can be manifested by sharp decreases in the transmitted signal 
through the waveguide (see Chapters 5 and 6) or tapered fiber (see Chapter 4).  
 
 
 
Figure 3.10: Schematic illustration of two transmission configurations (a) based on tapered fiber coupling, (b) based on 
on-chip optical waveguide coupling. (Images were partially created by Dr. Stefan Böttner) 
In this doctoral thesis, the excitation and detection of optical resonant modes from the fabricated 
microtubes is performed first by using the tapered fiber scheme and then by using on-chip optical 
waveguides. Neither scheme is commercially available and so they were developed and customized 
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for rolled-up resonators. Which are described in detail in Chapters 4, 5, and 6. The two nearly similar 
measurement configurations are schematically shown in Figure 3.10.  
3.2.3 Fiber-to-Waveguide Couplers 
As discussed in the previous section, the on-chip integrated rolled-up microtube ring resonators 
can be excited either by tapered optical fibers [30, 109,114] or on-chip waveguides [63, 68,71] in the 
transmission configuration. However, in the latter case, prior to exciting any WGMs of the 
microtubes, it is highly required to efficiently send light from a conventional single-mode fiber (SMF) 
with core diameter ~ 10 μm directly into the waveguides. Due to the small cross-section of optical 
waveguides (for example the typical cross-section for silicon waveguides is around ~220 ×
 500 nm, see Chapter 5) in contrast with SMF, the coupling light directly from a SMF into optical 
waveguides is challenging task. As a result, this large mismatch usually causes large insertion loss. 
Figure 3.11 (a) shows the cross-section of SMF, lens tipped optical fiber, and a typical single mode 
silicon waveguide in a comparative way. To solve this critical issue, there are a few solutions, e.g. 
vertical grating couplers, inverse taper mode converter, tapered fiber, lensed fiber and butt-coupling, 
as explained in some detail elsewhere [129]. In this doctoral thesis, vertical grating couplers and 
reducing the fiber MFD have been exploited to improve the fiber-to-waveguide coupling efficiency 
based on vertical fiber-in and fiber-out setup (see Chapter 5) and butt-coupling step (see Chapter 6), 
respectively.  
 Butt-coupled light-injecting method 
Butt-coupling is a common and traditional technique to use for coupling light into and out of the 
optical waveguides [129]. Owing to the small overlap of the mode profile and refractive index 
mismatch of SMFs and the waveguides, this technique always imposes a large coupling loss when 
SMF was used in this setup. However, the coupling efficiency to waveguide would greatly be 
improved by decreasing the fiber diameter to around ~ 2μm. As a result, a lensed fiber is typically 
used to reduce the fiber MFD of the SMF. Fortunately, they are commercially available. 
 
Figure 3.11: (a) Schematic illustration of the sizes of two optical fiber MFDs and the cross-section of a typical Si waveguide 
in a comparative way. (b) An optical image of a commercial lens tipped optical fiber from ‘’Soliton’’ with an MFD as low as 
2 μm which was also used in this thesis. 
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Figure 3.11 (b) shows a commercial lensed fiber with an MFD around 2μm which was used for 
coupling light to polymer waveguide (with the cross section of ~2.5 × 3μm) in this thesis, the results 
are discussed in Chapter 6. The working principle of the butt-coupling technique is quite simple; it is 
based on horizontal fiber-in and fiber-out setup, where two lensed fibers were laterally placed at 
both ends of the waveguides to couple light in and out. One of the lensed fiber is connected to the 
light source and other is connected to the detector, as shown in Figure 6.2. The critical drawback of 
this approach is that the lensed fibers are very sensitive to the alignment and need expensive piezo-
stages to accurately control the position of the lensed fibers at both ends of the waveguides. In the 
butt-coupling configuration, the polymer waveguides based on SU-8 have been used; the results are 
represented in Chapter 6.  The polymer waveguides were fabricated by our colleagues at IFW Dresden 
(Ms. Sandra Nestler) on silicon-on-insulator from a 2.5 μm thick SU-8 layer on 1.9 µm thick SiO2, using 
standard photolithography and wet etching techniques.  
 Vertical coupling method 
A vertical coupling based on vertical grating coupler is another coupling method to efficiently 
send (collect) light into (out of) the optical waveguides [129]. Vertical grating couplers have been 
extensively investigated at Ghent University. In contrast to butt-coupling, vertical coupling dispels 
the need for the facet preparation of waveguides (i.e. polishing, cleaving, and dicing) and also offers 
an easier geometry for packaging. Additionally, in the case of Si waveguides, it is oftentimes not easy 
to cleave it with smooth facet where the waveguide exposes. However, the disadvantages of vertical 
grating couplers are that they are very sensitive to the polarization (for example they can only 
support one of the polarizations), wavelength, and also the grating coupler, is sensitive to the input 
fiber angle and wavelength. The working principle of this technique is based on vertical fiber-in and 
fiber-out where two cleaved SMF-28 fibers were vertically placed on top of the both grating coupler, 
in order to send (collect) light into (out of) the waveguides, as shown in Figure 5.3. In this vertical 
configuration, the on-chip Si nanowaveguides which each nanowaveguide has two grating couplers 
at both ends, have been used, the results are discussed in Chapter 5.  The on-chip Si nanowaveguides 
used in this thesis  were fabricated by colleagues at  Leibniz-Institute fure innovative Mikroelectronik 
on silicon-on-insulator from a 220 nm thick silicon layer on 2 µm thick SiO2, using 248 nm deep 
ultraviolet (DUV) lithography and reactive ion etching (RIE) techniques [130], as shown in Figure 
5.3. Owing to the availability, both vertical coupling based on vertical grating couplers and butt-
coupling based on the lensed fiber have been used in this thesis7. 
3.2.4 Structural and Morphological Characterization  
Optical Microscopy  
Light microscopy is a method to use visible light for imaging. In this work, light microscopy 
(Olympus and Carl Zeiss Inc. ) with objective lens which their magnification factor was varied from  
5 × to 100 × was used first to investigate and determine the physical form of microstructures before, 
during and after rolling up 2D differentially nanomembrane into 3D rolled-up microtube (one 
example is shown in  Figure 3.12). This step helps us roughly to assess disfigured or more desirable 
                                                             
7 Both vertical coupling based on vertical grating couplers and butt-coupling based on the lensed fiber have been done 
in Heinrich Hertz Institute (HHI) Berlin. 
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rolled-up microtube for a more meticulous investigation.  Typically, optical images which were taken 
via light microscopy, only reveal information from the top view of the structures at the microscopic 
scale. 
 
Figure 3.12: Top-view optical microscope image of an array of tubular microstructures, (from left to right) rolled-up from 
(a) circular, (b) square, and (c) U-shape patterned TiO2/TiO2 bilayer, respectively.  In the U-shape, some tubes did not roll 
to the end due to the lobe structure. Scale bars are 100 μm. High-resolution zoomed-in views on single rolled-up 
microtubes from U-shape can be found in Chapters 4, 5, and 6. 
Scanning Electron Microscopy  
Once, the detailed information and structures on a sample are not fully visible and identifiable 
with light microscopy, thus scanning electron microscopy (SEM) inspection of the fabricated 
structures are essential which enables one to obtain high-resolution images of structures. SEM is 
probably the most powerful, widespread and widely used technique for elemental imaging and 
inspection of physical properties such as morphology, shape, size or size distribution of materials at 
the microscale and nanoscale. In contrast to light microscopy, SEM is the method to use electrons for 
imaging with magnification higher than > 100,000 × and with the depth of field up to 100 times.  The 
working principle of SEM is a well-established approach which has been discussed extensively in the 
literature [131].  
Briefly, SEM uses a focused beam of the electrons and scanning in a raster pattern over the 
sample’s surface while the interaction between electrons and specimen atoms is detected by electron 
detectors. Based on the elastic or in-elastic interactions of beam electrons with specimen atoms, 
different signal types including back-scattered electrons (BSE), secondary electrons (SE) X-Ray and 
Auger electrons, can be detected. The intensity of emitted electron signals contains information about 
the sample's surface topography and composition. The BSEs are very favorable to investigate the 
morphology of a sample under examination.  
In the present doctoral thesis, the SEM study was employed to obtain detailed information with 
high-resolution imaging of fabricated rolled-up microtubes. SEM images obtained using Zeiss 
NVision40 workstation and also DSM982 Gemini, Carl Zeiss typically reveal information of both top 
(one example is shown in Figure 3.13) and side view of the tubes, as shown in Figures 5.2 and 6.2. It 
has been seen that our rolled-up microtubes based on the dielectric material (TiO2) result in a 
negative surface charge during SEM imaging. To overcome this negative effect, the samples were 
deposited with 7 nm of Pt using magnetron sputtering (DCA Instruments) to increase the surface 
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conductivity.  For a more precise examination on the three-dimensional microtube, the sample stage 
was rotated between 0° and 90° along the tilt-axis and easily in the x-y-z-axis. Then, the obtained 
SEM images were revealed the useful and detailed information about the tube windings, tube length, 
tube diameter, and the gap between the tube and the substrate (later on tube/ waveguide), as shown 
in Figure. 5.2. The tightness of the rolled nanomembrane which results in a compact microtube wall 
was investigated using focused ion beam (FIB) cutting, as discussed and shown in Chapters 4, 5, and 
6. 
 
Figure 3.13: Top-view SEM image of an array of tubular microstructures, rolled-up from (a) square, and (b) U-shape 
patterned TiO2/TiO2 bilayer, respectively.  Scale bars are 100 μm. The arrow between (a) and (b) indicates the rolling 
direction of the square and U-shaped bilayer, respectively. High-resolution zoomed-in views on single rolled-up 
microtubes from U-shape can be found in Chapters 4, 5, and 6.  
Atomic Force Microscopy: Determination of the Roughness of our Fabricated Microtube 
Atomic force microscopy (AFM) or scanning force microscopy (SFM) is surely one of the 
versatile and strong kind of microscopic technique which widely used for exploration samples at a 
nanometer scale. AFM is used not only for imaging in 3D topography, but it can also provide very 
beneficial information of a surface including the roughness at a high resolution, depth, and 
morphology, with minimal sample preparation. Moreover, it is capable to create images at atomic 
resolution with angstrom scale resolution height information, with minimal sample preparation. 
Additionally, in contrast to scanning tunneling microscopy (STM), it can image any sort of surface 
from conducting surface to non-conducting surface such as polymers and ceramics, as well as 
biological samples. 
 The principle of AFM is based on measuring indirectly the forces between the tip and sample. 
By following the Hook’s law, this force is simply calculated by the stiffness of the cantilever and the 
distance the lever is bent. Typically, the very sharp tip with radius from a few to 10s of nm that mostly 
fabricated from silicon or diamond was fixed on the one end of a flexible cantilever. Once, the tip is 
bringing enough close to the sample surface or even nearly in contact with the surface, there is the 
attractive force between the tip and surface, knowing the Van der Waals force.  This force should be 
held constant during the measurement. When the cantilever scans back and forth over the surface, 
the tip will go up and down with the different features on the surface. A laser is pointed at the tip and 
is reflected to a sensor. As the tip rise and fall, the laser hits different parts of the sensor. Finally, the 
image of the surface is recreated with the information, which is collected by the sensor. 
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In my thesis, a Nasoscope III SPM (DI 3100, Veeco Instruments Inc) was used to study the 
roughness of our fabricated rolled-up microtube, because previous studies have shown that surface 
roughness is an important factor in the quality of waveguides and resonators [23]. 
Raman Spectroscopy: Determination of the Material Phases of the Fabricated Microtube 
Raman spectroscopy is an optical spectroscopy, invaluable and broadly used technique for the 
observation, identification, and interrogation of vibrational (phonon), rotational, or even other low-
frequency modes of molecules in a system. The principle of Raman spectroscopy is based on inelastic 
scattering or Raman scattering of monochromatic light, generally, from a laser source in the near 
ultraviolet, visible or near infrared when the light interacts with matter [132].  More important, it is 
extremely selective, that allows to recognized, differentiate molecules and chemical species, which 
extremely resemble. It can be used to investigate solid, liquid and gaseous samples. As a result, 
Raman spectroscopy is supplied an indispensable analytical tool for determining the crystalline 
structure of the fabricated tube. For example, it is well known that TiO2 can exist in an amorphous 
phase as well as anatase and rutile crystalline phases (as discussed 3.3). These different phases can 
easily be identified and distinguished using this technique.  
In the current thesis, Raman measurements using a commercial inVia confocal Raman 
microscope supplied by Renishaw inVia were performed in order to identify the different phases of 
the fabricated rolled-up microtube cavities. Because the different phases impact their linear and 
nonlinear optical properties and can dramatically affect losses in the resonator. The Raman setup 
consists of a laser (HeCd at 442 nm and 17 mW) directed through a microscope to the sample and 
then the scattered light is collected and directed to a spectrometer with a 2400 blz/mm grating, as 
shown in Figure 3.11. The exposure time was 1 s, and each spectrum was collected with 500 
accumulations, the results are discussed in Chapter 4. 
Energy-Dispersive X-Ray Spectroscopy (EDX)  
Energy-dispersive X-ray spectroscopy (EDX, EDS, or XEDS) is an analytical technique, which can 
basically be connected to SEM, transmission electron microscopy (TEM), or scanning transmission 
electron microscopy (STEM) instruments. EDX, once combined with one of these imaging tools, which 
mentioned above, could reveal elemental identification and quantitative compositional information. 
It is a type of X-ray spectroscopy and relies on an interaction of some source of X-ray excitation and 
a sample. By EDX, elemental mapping of a sample and image analysis are feasible. For example, as 
shown in Figure 3.14, the elements of the fabricated tube, and big particles, as well as the substrate 
are realized by using this technique. Moreover, EDX measurement requires only a little or even no 
sample preparation.  
In my studies, EDX was used for elemental analysis. Using EDX (Zeiss Ultra 55 Plus) chemical 
elements from Boron to Uranium can easily be detected.In this work, by using EDX the presence of 
nanoparticles (NPs) which were fully integrated within the microtube walls was examined by a 
transverse line scan along the rolled-up tube and elemental mapping of the fabricated tube, the 
results are represented in sections 4.3 and 4.4.
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Figure 3.14: (a) SEM image of a TiO2 microtube with the incorporation of the big particles of Cd6P7; (b-f) shows the 
corresponding elemental mapping of the Ti, O, Si, Cd and P elements, respectively. Scale bar, 100 μm.  
Ellipsometry to Determine the Refractive Indices 
Ellipsometry is an optical method, which allows to derive information about the film thickness 
in the Ångström scale or even below and to the determination of the refractive index by measuring 
the optical constants of thin films as well as a collecting information about surface roughness, and 
morphology [133].The technique was proposed over 125 years ago by Paul Drude and is still widely 
used. The basic principle of ellipsometry is that the polarization sate of incoming light changes after 
reflecting from a surface which exact origin of this change is specified via the properties of the sample 
such as film thickness and the optical constants of thin films. 
In this work, ellipsometry measurements were used not only to calibrate the growth rates of the 
electron beam evaporation process but also to determine the optical constants of the deposited TiO2 
layer in order to estimate the refractive index of the TiO2 nanomembrane which was needed for later 
calculation and simulation as discussed in Chapters 4, 5 and 6.  An ellipsometer (J.A.Woolam Co. Inc. 
spectroscopic ellipsometer) was used to perform measurements on the coated Si substrates with the 
size of 10 × 10 at three different angles (65°, 70° and 75°) within the spectral range 350-800 nm.  
3.3 Titanium Dioxide 
In this section, the advantages of using titanium dioxide (TiO2)  in contrary to the other materials are 
discussed in detail. As discussed in the earlier chapters, rolled-up nanotech [66,67] allows the 
fabrication of rolled tubular microstructures shaped by nanomembrane consisting of virtually any 
type of materials such as III-V semiconductors materials (which were usually grown by complex and 
expensive MBE), and/or organic materials, metals, oxides and magnetic materials (which can simply 
be grown by the angular e-beam deposition method) on different substrates [121,122].  
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For example, Figure 3.15 shows, the microtubes which rolled-up on photoresist consisting of 
different materials after etching the sacrificial layer. 
 
 
Figure 3.15: (a) Schematic illustration of a roll-up microtubes that a nanomembrane consists of Ti/Fe/Au/Pt layers. (b-i) 
Optical images of rolled tubular microstructures fabricated based on (b) Pt, (c) Pd/Fe/Pd, (d) TiO2, (e) ZnO, (f) Al2O3, (g) 
SixNy, (h) SixNy/Ag, and (i) diamond like carbon (DLC). (Adapted image Ref. [93]). 
In the current thesis, we introduce TiO2 as one such novel photonic material. The details on TiO2 
are described in the following. In general, TiO2 is a common industrial material that most often 
available in the form of white powder. Owing to its unique properties such as high refractive index, 
brightness, optical transparency from the visible range to near infrared, semiconducting behavior, 
CMOS compatibility, chemical stability, photo-catalytic activity, high photo-electric conversion 
efficiency, biocompatibility and low costs, TiO2 has gained increasing attention as a promising 
candidate in a wide variety of the research fields [134]. TiO2  exists in nature in two major phases: 
amorphous and/or crystalline phases consist of brookite (orthorhombic), rutile (tetragonal), and 
anatase (tetragonal), as shown in Figure 3.16. The brookite phase has proven to be most difficult to 
fabricate and thus it has not been deeply investigated. While rutile and anatase have interesting 
properties for numerous applications, they have been extensively characterized in the literature 
[135]. 
 
Rutile is the most commonly occurring in nature and it is one of the most easily fabricated, and 
the most thermodynamically stable phase of TiO2, which has a higher refractive index than anatase 
phase has. On the other hand, anatase can be stabilized at higher temperatures and is identified by a 
stronger photocatalytic activity under UV light. Due to strong UV absorption, it has been exploited in 
numerous sun-blocks. Many different techniques such as sputtering , electron beam evaporation , 
atomic layer deposition, sol-gel, and chemical vapour deposition have been used for the preparation 
of titania structures[13].  
 
It is also well known that the properties of TiO2 can be controlled by changing the processing 
techniques and parameters to fit the desired applications[137]. Due to its variety of properties and 
the possibility of tuning them, TiO2 represents a promising candidate in a wide number of 
applications including photo-catalysis[138],sensing[139],photovoltaic research (solar cells)[140], 
biomedical applications[15], and photonics such as optical waveguides[142], and microring 
resonators[143].
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Figure 3.16: Different phases of TiO2 (a) amorphous, (b) rutile, (c) anatase, (d) brookite. 
While TiO2 has been widely explored in many different contexts, it has been only recently 
introduced to the world of rolled-up nanotechnology and a few works reported rolled TiO2 structures 
and limited the discussion to their optical properties [144]. Therefore all of these unique and 
interesting properties of TiO2 motivated us to fabricate our isolated and integrated rolled-up 
microtube based on TiO2, as discussed in more details in the subsequent chapters. 
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 ‘‘The important thing in science is not so 
much to obtain new facts as to discover  
   new ways of thinking about them.’’ 
-William Lawrence Bragg 
 Isolated8 Rolled-up TiO2 Microtube Vertical 
Ring Resonators: Fabrication, Optical Measurement 
and Applications 
Owing to titanium dioxide (TiO2)’s unique properties and also changing the previous well 
established SiOx/SiO2 [116] or SiO2/SiO2 material system [64] to totally new material ‘’single TiO2 
nanomembranes’’, thus, this chapter arose out of all of my effort to introduce rolled-up TiO2 
microcavities  as a novel and interesting optical material to the world of nanotechnology.  
 
The initial section of this chapter focuses on a systematic work on the fabrication and 
characterization of high-quality TiO2 rolled-up optical microcavities with subwavelength wall 
thickness for both visible and telecom photonics. In this part, we present record high-quality factors 
in nontoxic rolled-up resonators at telecom wavelengths. Since the PL emission from the as-prepared 
TiO2 was too low to clearly observe optical modes in the visible range. The next section of this chapter 
is dedicated to demonstrate a novel technique for activation and enhance the visibility of WGMs of 
the resonators which can easily span from the visible to the near-infrared by fully incorporating even 
distributed/aggregated luminescent NPs into the tube walls. In the last section, we explore the dual 
use of the aggregated luminescent NPs into a rolled-up optical microcavity as light sources and as a 
photonic potential well for 3D optical confinement. Note that the rolling parameters here given are 
prerequisites to rolled up high quality ring resonators directly on waveguide chips. 
4.1 Rolled-Up TiO2 Optical Microcavities with Ultra Smooth 
Tube Surface and Subwavelength Wall Thickness for 
Telecom and Visible Photonics 
This section of my dissertation is mostly based on the publication Madani et al., in the journal of 
Optics Letter 2014, 39,189-192 [109]. My contribution in this paper was the fabrication, optical and 
physical characterization of the rolled-up TiO2 microtube, discussion, and analysis of the results. The 
manuscript was written by me. The collaboration for the transmission measurement based on a 
tapered optical fiber was performed with Dr.Stefan Böttner, who is also a co-author of this paper. 
                                                             
8 In this PhD thesis, the term ‘’ isolated microtubes ‘’ refers to microtubes that are not coupled with optical waveguides. 
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AFM measurement was done by Ms.  Barbara Eichler. SEM images were taken by getting help from 
Dr. Stefan Baunack.  
4.1.1  Motivation 
As introduced and discussed in the ealier chapters, optical microcavities are of great interest 
because of their capability to trap, rout, and store light in a small volume and at well-defined spectral 
intervals. This enables use of these resonators in many fundamental and applied systems including 
micro and nanophotonics, biophotonics, optoelectronics, and integrated optics [23, 36]. In this 
context, a rich variety of optical microcavity designs such as microspheres, microdisks, microrings, 
microtoroids, and photonic crystal resonators (details of the microcavities in Section 2.1), to name 
just a few have been intensively explored over the years for various applications [23,25,40]. Recently 
vertically rolled-up microring resonators (VRU-MRRs), as a novel form of whispering-gallery mode 
resonators [28, 29], have attracted great interest  due to fascinating geometry of sub-wavelength 
walled cavities and accordingly opened up several attractive applications thanks to advances in 
rolled-up-nanotechnology [30-33,66,67 ] (see Subsection 2.2). Key features of VRU-MRRs include the 
variety of materials available [93], the capability of on-chip fabrication [31], the hollow core 
structure, and their ultra-thin walls which facilitate a highly penetrating evanescent wave sensitive 
to changes in the ambient refractive index [33,79,145]. Depending on conditions, VRU-MRRs can be 
structurally robust enough to be transferred onto foreign substrates [31,63,115]. For these reasons, 
VRU-MRRs are promising candidates for specialized tasks in integrated optics, optoelectronic, and 
lab-on-a chip applications [31-33, 63].   
The key material systems used for VRU-MRRs are classified into nontoxic materials like SiO2 (or 
SiOx) [29, 93, 64] as well as toxic semiconductor materials such as InGaAs/GaAs [28, 92,115]. While 
recent demonstrations of VRU-MRRs have highlighted their potential, improvements are possible 
with respect to the choice of material. For example semiconductor materials amicable to rolling offer 
transparency only at wavelengths longer than 0.9 μm, limiting them to the near infrared [115]. This 
limited transparency inhibits VRU-MRRs based on these materials from being applied in emerging 
applications in the visible. While silicon monoxide and dioxide are low cost and fully compatible with 
the photonic platform, their low refractive index limits their finesse and therefore their future 
applications (especially at longer wavelengths) [30,31].  
Hence, there has been a considerable interest in alternative materials that could potentially be 
used instead of the aforementioned materials. In order to increase light confinement in the wall of 
tubular cavities for both visible and near IR wavelengths, a material possessing a higher refractive 
index contrast between the wall and the surrounding medium is required. This material must have 
structural properties that allow ultra-thin membranes to be rolled and, ideally, should remain 
transparent in the IR to maintain compatibility and comparability with semiconductor materials as 
well as meet the demands of future visible and near infrared linear and nonlinear microphotonic 
systems. As discussed in Section 3.3, TiO2 has unique properties which make it attractive for photonic 
devices and applications. It has a high refractive index (depending on the phase n>2.0) which allows 
for high optical confinement in nanophotonic structures, a large Kerr nonlinearity up to 30 times 
higher than silica at 800 nm, as well as transparency extending through the visible to the infrared (Eg 
>3 eV) which makes it compatible with all telecommunications windows [142]. In addition, it is 
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nontoxic which is significant for biological applications. Recently the possibility of rolling-up TiO2 
from circular patterns and using them as a microcavity at visible wavelengths with limited the 
discussion to their optical properties has been reported [93, 144]. However, this material is still new 
to rolled-up nanotechnology.  
 
In this section, we demonstrate the fabrication of high Q-factor TiO2 VRU-MRRs with very thin 
and very smooth tube walls operating at both telecom and visible wavelengths. We present record 
high Q-factors up to 3.8×103 for our TiO2 at telecom wavelengths by interfacing VRU-MRRs with a 
tapered optical fiber. It should be mentioned that only for a VRU-MRR manually integrated with 
waveguide higher value was reported [63] but not reproduced up to this day. Moreover, a splitting 
in the fundamental modes is experimentally observed in TiO2 VRU-MRRs as a result of broken 
rotational symmetry [146]. In addition, we show that titania walls of our VRU-MRRs consist of a 
mixture of crystal phases, and demonstrate the VRU-MRR’s multiplexing capability by interfacing the 
tube at several different locations along the tube axis.  
4.1.2  Titanium- Dioxide -Based High-quality Rolled-up Microtubes  
The VRU-MRRs studied in this work were fabricated based on the established methods of rolled-
up nanotechnolog which have been discussed in details previously [93] (details of this technology in  
Section 2.2 and Chapter 3). We used standard photolithography to fabricate an array of U-shaped 
[92] photoresist (AR-P 3510, Allresist GmbH) patterns on a Si substrate [33]. The photoresist pattern 
defines the final shape of the VRU-MRR and serves as a sacrificial layer. Then, a 33 nm thick layer of 
differentially strained TiO2 was deposited on the surface using tilted electron beam evaporation [93]. 
TiO2 was deposited from pure titanium pellets (Kurt J. Lesker Company) in an oxygen background 
(the pressure inside the chamber was 2.6 × 10−4 mbar),with strain being generated by depositing 
parts of the layer at different rates. The two TiO2 layers were deposited with a low (about ≈ 0.3 Å/s) 
and a high ( about ≈ 3.8 Å/s) deposition rate, respectively. A 15° glancing angle was used during the 
deposition resulting in an uncovered window at the end of the patterned photoresist, allowing the 
subsequent removal of the sacrificial layer. The photoresist was then dissolved with dimethyl 
sulfoxide (DMSO) (VWR International S.A.S.) leading to relaxation of the nanomembrane, which 
rolled-up into VRU-MRRs with a diameter of 20 µm, and then dried in a critical point dryer to avoid 
the collapse of the tubular structure caused by surface tension forces on the tubes during the solvent 
evaporation. 
4.1.3  Structural characterization of isolated TiO2 microtubes 
 Scanning Electron Microscopy  
Figure 4.1 shows four SEM images of a representative VRU-MRR fabricated in this manner. In 
Figure 1(a), the outline of the U-shaped pattern is clearly visible. In Figure 4.1 (b)-(d) details of the 
VRU-MRR are shown which highlight the high quality of the fabrication process. The membrane is 
rolled tightly, so that the windings are in contact with each other, and is rolled completely. The 
bridge-like middle segment is elevated above the substrate to prevent optical leakage and the axial 
mode inducing lobe-like patterns on the middle segment and both ends are clearly defined. 
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Figure 4.1: (a) SEM image of a TiO2 VRU-MRR. The outline of the U-shaped pattern is visible in the background. (b), (c) 
and (d) show a magnification of the center bridge-like part of the microtube and both ends with very tight symmetric 
rolling (Figure reproduced with permission from Ref [109]).    
 Energy Dispersive X-ray Spectroscopy (EDX) Analysis 
As mentioned in the fabrication section, a TiO2 bilayer was deposited by evaporating pure Ti 
metal in an oxygen background. Therefore, in order to determine the element composition and 
uniformity, a transverse line scan along the rolled-up tube using energy-dispersive X-ray 
spectroscopy (EDX) was carried out in collaboration of Dr. Hamed Shakuri Shahabi and Dr. Amin 
Rounaghi (former members of IKM, IFW-Dresden). 
 
Figure 4.2: Clarification the microtube was fabricated based on TiO2. (a) A transverse EDX line mapping across the rolled-
up microtube. (b) SEM image of the fabricated microtube and the corresponding distribution of the elements Ti and O 
throughout the tube characterized by EDX elemental mapping at a primary energy of 10 keV.  
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In this experiment, a primary energy of 10 keV is used. As shown in Figure 4.2 (a), the intensities 
of the Ti and O elements are clearly higher in the tube region with respect to the neighboring regions, 
indicating the rolled-up microtubes are based on TiO2.  Moreover, to explore the oxygen interact with 
Ti and homogeneously distributed along the tube axis, EDX elemental mappings were also carried 
out on the rolled-up TiO2 tubes as shown in Figure 4.2 (b). From both transverse line mapping and 
the EDX elemental mappings, the results suggest that fabricated microtubes are indeed based on 
TiO2. 
 
 AFM, Raman Spectroscopy, and Ellipsometer Measurements 
Previous studies have shown that surface roughness is an important factor in the quality of 
waveguides and resonators [23]. In order to study the roughness of our fabricated VRU-MRRs, atomic 
force microscopy (AFM) measurements were performed. The roughness of both the inside and 
outside surfaces of the tube was measured, as shown in Figure 4.3 (a) and (b). The Raman spectra, 
shown in Figure 4.3 (c), displays strong peaks at 153 cm–1, 253 cm-1, and 522 cm-1 corresponding to 
the anatase crystalline phase and peaks at 447 cm-1 and 612 cm−1 corresponding to rutile, indicating 
that our samples contain both anatase and rutile phases. The observation of strong anatase and rutile 
peaks help to explain our refractive index which was measured as 2.3 at 500 nm and 2.0 at 1500 nm 
by both reflection refractometry and also using ellipsometric measurements. An ellipsometer 
(J.A.Woolam Co. Inc. spectroscopic ellipsometer) was used to perform measurements at three 
different angles (65°, 70° and 75°) within the spectral range 350-800 nm. The estimation of the TiO2 
refractive index from the ellipsometric data was found to be challenging. 
 
Figure 4.3: (a) and (b) AFM measurement of the inner and outer polycrystalline TiO2 tube wall. (c) Raman spectra of the 
investigated titania sample. The 33 nm thick TiO2 film was grown with angled deposition (glancing angle 15° , deposition 
rate of about 1 Å/s  and pressure inside the chamber of 𝟐. 𝟔 × 𝟏𝟎−𝟒 mbar) deposited on copper to avoid complications 
arising from a strong silicon background signal. The main spectral features of anatase and rutile titania are indicated by 
this symbol “” and “” respectivley Raman spectra of a TiO2 thin-film. (d) Refractive index of the analysed titania films 
estimated by ellipsometric measurements. (Figures (a) and (b) reproduced with permission from Ref [109]). 
The way the TiO2 grows (characterized by grains oriented along the deposition direction), 
together with the coexistence of different titania phases, make it difficult to identify an appropriate 
model to fit the data. The result presented in this thesis were achieved by fitting the refractive index 
of the TiO2 layers using the first two terms of the Cauchy model, neglecting any absorbance. The 
refractive index is only below the values expected for rutile and also even anatase (see for example 
Ref. [147]).This suggests the coexistence within the membrane of both anatase and rutile titania. 
4 Isolated Rolled-up TiO2 Microtube Vertical Ring Resonators: Fabrication, Optical… 
 
62 
 
4.1.4 Optical Measurement of Isolated Rolled-up TiO2 Optical 
Microcavities 
 WGMs in the Visible Range 
We investigated our TiO2 tubes using micro-photoluminescence spectroscopy (details of the PL 
setup in Section 3.21) and found that they functioned as optical resonators in the visible spectral 
range. Optical characterization was performed using a laser line at 442 nm routed through a 
microscope objective (50 X) and onto the sample which was mounted to a precision XYZ stage. 
Luminescence was collected by the same objective, and diffracted in a spectrometer. In contrast to 
SiOx or SiO2 based microtube resonators, our TiO2 material has a very weak, broad, luminescence to 
clearly observe optical modes, which likely occurs due to trace amounts of residual photoresist on 
the sample or unspecified defect centers similar to those found in silica [127,148]. However, 
resonance optical modes are detected on top of the background, as shown in Figure 4.4 which 
emphasize how tightly rolled TiO2 microtubes with a high refractive index can work as optical 
microresonators in the visible range. Looking closely, there are broad peaks overlayed with fine 
peaks (see Figure 4.4 inset).By assuming a ring-like geometry and measuring the free spectral range 
(FSR) which is the difference between two adjacent fundamental peaks, the resonant mode number 
can be determined using the simple equation FSR= 2πrng / m(m+1). Where r is the tube radius, ng is 
the group refractive index, and m is the mode number. 
 
Figure 4.4: Extended (a) and zoomed in (b) room-temperature µ-PL spectra of a rolled-up TiO2 microcavity with 11 µm 
diameter. Sharp resonant modes on top of a broad band PL background are visible. The spectra were collected with a 𝟓𝟎 × 
objective, a 1200 blz/mmgrating and 30 s integration time. PL was excited with a 442nm He-Cd laser and P= 8.5 mW. 
(Figure (b) reproduced with permission from Ref [109]).    
Experimentally, the set of broad peaks shown have FSRs that follow the progression expected 
by the equation shown above. These results confirm that the observed peaks are whispering-gallery-
like resonant modes, and not some other phenomenon. The sharp peaks which make up the 
individual broad peaks are also equally spaced, with a narrow FSR that excludes the possibility of 
Fabry- Pérot interference in our experiments. The Q factor of the broad peak centered at 592 was 
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measured from a Lorentzian fit as 600±130. The fine structured fundamental mode also at 592 nm, 
assumed to the fundamental mode in a series of peaks has a Q factor of 2200±350.   
The PL is still weak, however, further improvements should be made in the future through the 
inclusion of other light emitters such as colloidal quantum dotas (QDs) or as MBE grown QDs.  Collilda 
QDs can be embedded in the windings of the tube during the roll-up process, or drop-cast onto the 
surface of the resonator after rolling which will be explored in future sections. The precise source of 
PL in TiO2 is a topic of future sections. 
 Transmission measurement based on a tapered optical fiber scheme in the telecom 
range 
Optical characterization at telecom wavelengths by means of evanescent mode excitation was 
performed. In this experiment, the transmission setup from Ref. [31,104] was used as schematically 
shown in Figure.4.5(a).  Briefly, it is based on a tapered optical fiber which was fabricated using the 
well-known heat and pull method. Linearly polarized light from a tunable IR laser (1,520 nm to 1,570 
nm) was coupled into the tapered fiber, which was subsequently coupled into the VRU-MRR. 
Successful coupling was manifested by sharp decreases in the transmitted signal through the fiber. 
The polarization of the light coupled into the tapered fiber was controlled by a half-wave plate. The 
VRU-MRR was selected and lifted off from the mother substrate with the tapered end of another fiber, 
so that it could be positioned at the waist of the transmission fiber [31, 63]. By moving the VRU-MRR 
so that different positions overlap with the evanescent field extending from the fiber, and adjusting 
the angle of the linear polarization of the incoming IR laser, the coupling between the fiber and 
resonator was optimized.  
 
Figure 4.5: (a) Schematic of the tapered optical fiber measurement set-up. Transmission of light from a tunable diode laser 
through a single-mode fiber is observed by an InGaAs detector while the fiber is interfaced with VRU-MRR. The 
polarization of the light can be rotated by a half-wave plate (HWP). (b) Normalized fiber transmission signal while coupled 
to the center lobe part of one of the thicker ends. Multiple resonance modes are visible, including three major fundamental 
modes dips (red dash line) and axial modes are also visible (green dashed line). Calculated mode positions are indicated 
by red triangles. Insert (bottom) the fundamental modes have a fine splitting which have Q- factors up to 7.7×103 (Figure 
(b) reproduced with permission from Ref. [109]).    
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It was found that the walls of the middle bridge-like segment of the tube were too thin (~80 nm) 
to support IR modes. However, transmission measurements were made by coupling the tapered fiber 
to several different places in the thicker end regions of the VRU-MRR which also have lobe structures 
(partly visible in Figure. 4.1.(a)) that facilitate axial confinement [92]. Figure 4.5 shows the tapered 
fiber transmission when the fiber was centered over the lobe in one of the thick ends of the VRU-MRR 
and the incoming light was polarized to be parallel to the VRU-MRR axis in the free space. In this 
location, the average wall thickness was 165 nm. Three fundamental modes are visible within our 
scanning range, along with many other smaller peaks at shorter wavelengths that appear to be axial 
modes. Here, the fundamental modes have Q-factors up to 3.8×103 and the axial modes have Q-factors 
as high as 5.5×103. The width of the lobe structure, along with other factors, determines the relative 
spacing of axial modes. The lobes on the ends of our tubes are wider compared to previously 
published examples, resulting in axial modes which are relatively close together. The axial mode 
peaks have irregular intensities, due to the variation in the coupling efficiency of the tapered fiber 
with the various modes [146]. However, focusing on just the axial mode peak positions, including the 
weak modes, roughly equal spacing (~1.3 nm) is observed, indicative that these peaks occur due to 
the effects of axial confinement. Interestingly, there appears to be a fine splitting of the fundamental 
modes, as shown in Figure 4.5. Due to the intensity and position of the peaks, it is unlikely that the 
splitting is due to overlap between the fundamental mode and high-order axial modes.  
The FSR of this splitting is 0.7 nm or 0.39 meV, putting it in the range of previously observed 
intrinsic mode splitting due to natural asymmetries or perturbations of WGM cavities [115].If the 
components of the peak are deconvoluted to two lorentzian peaks, Q-factors as high as 7.7×103 are 
obtained. Moreover, transmission was collected in a second place, 35 μm away from the center of the 
lobe on one of the thick ends, as shown in Figure 4.6 (a). In this transmission spectrum (solid blue 
line) three fundamental modes are observed with Q-factors as high as 1.7×103. 
 
Figure 4.6: (a) Normalized fiber transmission signal while coupled to a different area on one of the thicker ends of the 
VRUM for two orthogonal incoming polarization states. Calculated mode positions are indicated by blue triangles. Insert: 
the cavity mode at 1539.34 nm, has line width of 0.9 nm and Q –factor = 1.7×103. (Taken from Ref [109]). (b)  Transmission 
spectra for different coupling positions: 35 μm from the center (red), 60 μm from the center (blue), and 70 μm from the 
center (green) of the free-standing part.                                                      
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Notably, in this case there appears to be less fine structure which we believe is due to the loss of 
observed axial modes because of coupling efficiency changes on the edge of the lobe. Due to the lower 
Q-factor of the modes away from the center of the lobe, fine-splitting of the fundamental modes is no 
longer visible. To verify that the observed peaks are the result of resonance within the tube, the 
polarization was rotated by 90° from the previous polarization to observe the polarization 
perpendicular to the VRU-MRR axis in the free space (Figure 4.6 (a), red dashed line). Predictably, 
the confinement of light into VRU-MRR at this polarization is weaker because extension of the electric 
field out of the surface increases scattering. Transmission measurements were made in several other 
locations along both ends of the tube, with similar results. In each case, the calculated FSR was found 
in agreement with observations. This highlights one of the key features of VRU-MRRs: their 
multiplexing ability. A single rolled-up TiO2 resonator with multiple lobes can be used independently 
at several locations along the tube axis.  
4.1.5  Conclusion 
In conclusion, we have successfully fabricated high Q-factor polycrystalline TiO2 VRU-MRRs 
operating in both the near-infrared (1550 nm) and visible spectral range by the controlled release of 
2D differentially strained TiO2 bilayered nanomembranes.Optical characterization of such 
resonators reveal quality factors as high as 3.8×103 within the telecom wavelength range (1,520-
1,570 nm) by interfacing a TiO2 VRU-MRR with a tapered optical fiber. To date, these are the highest 
values reported for nontoxic VRU-MRRs and the tubes that are manually interfaced with tapered 
fibers scheme in telecom wavelengths [31,115].In addition, we have shown that a splitting in the 
fundamental modes is experimentally observed in our VRU-MRRs. Moreover, we have demonstrated 
that our rolled up TiO2 resonators function at several positions along the tube axis making them 
promising candidates for multiplexing applications.  
4.2 Dependence of Tube Diameter on the Thickness of the TiO2 
Membrane9  
In this section, the rolling up of TiO2 films containing different shapes, achieving a control on the 
diameter of the fabricated TiO2 microtubes, is given. As described in the previous section, tubular 
microstructures were obtained from U-shape patteren by rolling up TiO2 nanomembranes deposited 
via e-beam evaporation and dried using a critical point dryer. TiO2 microtubes can also be rolled up 
from different shapes and sizes of the pattern (e.g. squares, circular and U-shape masks) as shown in 
Figure. 4.7(a-c).  As depicted in Figure. 4.7(g-j), the square or even circular patterns usually result in 
a higher rolling-up yield (close to 100%) similar to reported for SiOx/SiO2 [116]. On the other hand, 
the U-shape offers interesting opportunities in the design of optical resonators, since it avoids light 
leakage where the center of the tube is lifted from the substrate (see Figure 4.1) and facilitates axial 
confinement of light [64, 92, 109]. Each shape and size of the pattern requires an optimization 
process of the parameters (deposition rate, maximum thickness, and etching time) in order to 
achieve a good rolling-up yield. Once an appropriate range of values for these parameters is 
                                                             
9 See the publication Giudicatti et al. in the Journal of Materals Chemistry C. 2014, 2, 5892-5901 for more infromtion.   
     I am also a co-author of this paper. 
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identified, a good control of the tube diameter is possible by tuning the overall thickness of the TiO2 
bilayer. Figure 4.7(d-f ) shows the dependence of the tube diameter on the TiO2 membrane thickness 
for the different patterns reported in Figure 4.7(a-c). For the square patterns, two TiO2 layers were 
deposited at rates of 0.3 and 1.7 Å/s, respectively.  
 
Figure 4.7:  (a-c) SEM images showing rolled-up TiO2 tubes using square and circular shape patterns. In all the cases, TiO2 
membranes deposited at room temperature were rolled using a photoresist sacrificial layer. Dependence of the tubes 
diameter on the TiO2 membrane thickness for the different patterns presented, square, circular and U-shape patterns 
respectvily, which are aslo shown as an example in Figure (a-c). Optical and SEM images of arrays of rolled-up TiO2 tubes 
with different outer diameters according to different thickness of TiO2: the diameter is 3 µm in (g), 4 µm in (h), 6 µm in (i) 
and 11 µm in (j). Insets: zoomed view of a single tube of each array. (Modified image taken with permission from Ref [121]). 
With the circular pattern, a good rolling yield was instead achieved by depositing a 15 nm thick 
layer with a rate of 0.4 Å/s followed by a layer of various thicknesses at 3.8 Å/s. Concerning the U-
shape pattern, an 8 nm thick first layer was deposited with a rate of 0.3 Å/s, while the second layer 
(with variable thickness) was grown with a rate of 3.8 Å/s. In all three cases, an almost linear trend 
can be observed in the experimental data. The observed behavior allows a good prediction of the 
tube diameter based on the thickness of the TiO2 membrane. 
4.3 Luminescent Nanoparticles Embedded in TiO2 Microtube 
Cavities for the Activation of Whispering-Gallery-Modes 
Extending from the Visible to the Near Infrared 
This section  of my  dissertation is based on the publication Madani et al. in the journal of Nanoscale 
2016, 8,9498  [149]. My contribution in this paper was the fabrication and activation of TiO2 
microtubes, optical and physical characterization, discussion and analysis of the results. Luminescent 
nanoparticles (NPs) based on Cd6P7 were cooked by Dr. Shiding Miao from chemical department in 
Technische Universität of Dresden. EDX measurements were done by Dr. Amin Rounaghi (former 
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member of IKM institute, IFW Dresden). FIB cutting and SEM imaging were taken by Dr. Stefan 
Baunack. Manuscript was written by me.
        
As discussed in the previous section, the photoluminescence (PL) emission from the as-prepared 
TiO2 was too low to clearly observe optical modes for visible photonic. Therefore further 
improvements should be made through the inclusion of light emitters such as luminescent NPs. The 
aim of this work is to embed NPs within the windings of the tube during the roll-up process to activate 
and enhanced the visibility of resonance modes of rolled-up TiO2 microtube cavities as well as 
introduce the precise light source of PL in TiO2 microtube.    
4.3.1  Motivation  
Low dimensional materials such as nanoparticles (NPs) and rolled-up nanomembranes have 
attracted considerable interest because of their unique properties in a variety of research fields 
including microelectronics, optoelectronics and nano-photonics [28,34,85,150,151]. As far as 
photonics is concerned, dielectric nanomembranes can accommodate light propagation in slab 
waveguides [87]. When the nanomembranes are rolled up into microtubular structures [66, 67], 
optical whispering-gallery-modes (WGMs) are established through the constructive interference of 
light circulating in the tube wall [28, 29].  These WGMs have been exploited for both fundamental 
studies [90, 92] and a large number of photonic applications [14-24, 85, 88,]. As discussed in the 
previous chapters, vertically rolled-up microtube ring resonators (VRU-MRRs), for example, have 
been recognized as promising optical units to act as add-drop filters [30], directional couplers [86], 
laser cavities [85,89], optical sensors [32, 80,81] as well as active elements in lab-on-a-chip devices 
[33, 79].  
In previous reports, VRU-MRRs have been fabricated using toxic semiconductor materials such 
as InGaAs/GaAs [28, 85, 89, 90, 92] but also nontoxic materials including oxides [29, 33, 64, 109, 144] 
and nitrides [113, 152]. Especially, titanium dioxide (TiO2) could offer new opportunities in the field 
of optical microcavities (see Section 3.3) because of its high refractive index (n≥2.1), CMOS-
compatibility, and more importantly transparency extending from the visible to the infrared 
[142,143]. In addition, its nontoxic property [151] implies broad applications when VRU-MRRs s are 
employed as optofluidic components [33,79]. Although TiO2 microtubes have been already 
investigated as passive microcavities [109] their use as active optical microcavities is limited by the 
very poor photoluminescence (PL) signal of the Titania [109,121, 144].  
Semiconductor NPs are known to be efficient light emitters whose wavelength can be tuned due 
to the quantum confinement effect [150,151,154 ]. By associating luminescent NPs with the 
nanomembrane, an efficient light source can be introduced into the VRU-MRRs, while the wave-
guiding function of the tube wall is maintained.  In previous reports, NPs were added into VRU-MRRs 
by epitaxial growth on III-V semiconductor layers prior to rolling [28,92,155] or by injecting colloidal 
NPs into the hollow core of the previously fabricated VRU-MRRs [82-84]. The former method 
requires a costly molecular beam epitaxy (MBE) growth technique and usually results in systems 
operating only either in the IR [82] or the visible spectral range [83]. Moreover, the epitaxial growth 
method is strongly restricted to certain heterostructures and only focuses on very specific emitter 
types. On the other side, the injection procedure is a time-consuming serial process having the 
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disadvantage that the NPs could be washed out when solutions are inserted into the hollow core of 
the tube in optofluidic applications. Moreover, the coupling efficiency between nanoemitter and 
cavity modes of VRU-MRRs decreases with increasing wall thickness of the VRU-MRRs.  
 In this part of this PhD thesis, we report on a novel, flexible, robust and economic method to 
fully incorporate NPs into VRU-MRRs based on TiO2 nanomembranes. For the activation of 
WGMs of VRU-MRRs, luminescent NPs are deposited onto two dimensional (2D) pre-strained 
TiO2 nanomembranes by spin-coating. After rolling up the 2D differentially strained TiO2 
nanomembranes into 3D microtube structures, the NPs are embedded within the tube 
windings and thereby efficient light coupling between the luminescent NPs and resonant 
modes of VRU-MRRs is established. The TiO2 microtube cavities were activated through the 
entrapment of different kinds of colloidal NPs within the tube wall. By changing the type of 
embedded NPs, the resonant modes can span from the visible to the near infrared spectral 
range. 
4.3.2 Activation of WGMs of Isolated TiO2 VRUMs 
The TiO2 microtubes were fabricated using an elegant well-established roll-up method [66, 67] 
which has previously been discussed extensively in Chapter 3 and also in literature [33, 64,145]. A 
schematic of the fabrication and activation procedure is shown in Figure 4.8.  
Briefly, 2 µm thick positive photoresist (AR-P 3510, Allresist GmbH) as a sacrificial layer was 
spin-coated onto the silicon substrates. Standard photolithography was then employed to fabricate 
an array of photoresist patterns on top of the silicon substrate for rolled-up microtubes preparation 
[109, 121]. Afterwards, a strained TiO2 nanomembrane (75 nm thick) was deposited by electron 
beam evaporation (see Section 3.1.2.1), as shown in Figure. 4.8 (a) and (e). TiO2 was deposited by 
evaporating Ti metal in an oxygen atmosphere. The deposition was carried out at different rates to 
generate a differential strain in the nanomembrane. First, 15 nm thick TiO2 was deposited at a low 
rate (0.3 A°s-1), and subsequently a TiO2 thickness of 60 nm was deposited at a high rate (3.8 A°s-1). 
The deposition under a 15° glancing angle resulted in a window opening at the edge of the patterned 
shapes, which allows for the subsequent directional removal of the sacrificial layer.  
 
After the TiO2 deposition and before rolling up, a high concentration droplet of colloidal Cd6P7 
NPs [156] in toluene solution (similar to the one shown  in Figure. 4.8 (f)) was spin-coated (with a 
spin speed of 1500 rpm for 15 second) randomly onto the flat TiO2 nanomembranes as shown in 
Figure. 4.8 (b) and (g-j).  It is worth mentioning that we used a high concentration droplet of colloidal 
Cd6P7 NPs to ensure that there were enough NPs deposited onto nanomembrane after spin coating. 
Finally, the dissolution of the sacrificial layer with an organic solvent (Dimethyl sulfoxide) allowed 
the 2D differentially strained nanomembranes to roll up into 3D microtube structures (Figure. 4.8 
(c)).   
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Figure 4.8: Schematic illustration of applying NPs onto a TiO2 nanomembrane for the fabrication of an active rolled-up 
microtube cavity. (a) Pre-strained TiO2 nanomembrane on a patterned photoresist. (b) Luminescent NPs are deposited 
onto the TiO2 film by spin-coating.  (c) The NPs are embedded into the tube wall during the rolling of the titania membrane. 
(d) Top view SEM image of an array of TiO2 VRU-MRRs with NPs embedded after rolling up the prestrained TiO2 
nanomembranes. (e) Top view SEM image from 2D differentially TiO2 nanomembrane. (f) and (g-j) Top view SEM images 
of assembled Cd6P7 NPs via drop casting of NPs and via spin coating onto the nanomembranes, respectively. The 
aggregated NPs onto the nanomembranes shown in (e) are imaged by ESB detector. (Figure reproduced with permission 
from Ref [149]).    
During the rolling process, the NPs become embedded within the windings of the tubes. Figure 
4.8(d) shows an array of rolled-up tubes with embedded NPs, which–in contrast to injection methods 
[82-84]–enables the activation of a large array of VRU-MRRs on a single chip in parallel (see Figure 
A1† for more details). Luminescent Cadmium Phosphide (Cd6P7) NPs were synthesized via a hot-
bubbling method at different temperatures as well as different growth times as described elsewhere 
[156]. The size of the Cd6P7 NPs was controlled and tuned by changing the reaction time. Here, two 
types of Cd6P7 NPs with emissions centered at around 615 nm and 760 nm were embedded and 
chosen to activate the WGMs of the VRU-MRRs. We will refer to these NPs as NPs-1 and NPs-2, and 
accordingly denote the NP activated VRU-MRRs by NPs-1-VRU-MRRs and NPs-2-VRU-MRRs, 
respectively. Scanning electron microscopy (SEM) based on InLens detectors and energy-dispersive 
X-ray spectroscopy (EDX) as well as focused ion beam (FIB) were used for imaging and element 
analysis of the NPs-embedded VRU-MRRs.   
4.3.3  Physical Characterization: SEM and EDX Inspection 
Prior to rolling, the nanomembrane coated with luminescent NPs were characterized by SEM. As 
shown in Figure 4.8 (g-j), luminescent Cd6P7 NPs are spin-coated randomly onto the 2D pre-strained 
TiO2 nanomembranes, with the density of the NPs spin-coated on the nanomembrane were estimated 
and analyzed (using “ImageJ’’ software), where the average density of the nanoparticles is calculated 
to be ~ 430 per µm2 or in other words with a coverage area of more than ~> 30% into 1µm by 1 µm 
area (see Figure A2† for more detail). The diameter of NPs varies ~10 nm up to ~ <50 nm but the 
average diameter of NPs are around ~ 21 nm. To verify that the NPs were deposited onto the 2D pre-
strained TiO2 nanomembranes, energy selective backscattered (ESB) imaging was used to show the 
distribution of the NPs on the nanomembranes. With this method, a distinguishable contrast in the 
SEM image can be obtained due to the different backscattering efficiencies from Cd6P7 NPs and TiO2 
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film. Figure 4.8(g-j) shows discrete bright spots distributed on the TiO2 film, where the bright spots 
indicate areas more densely aggregated with Cd6P7 NPs. The fabricated VRU-MRRs were 
characterized by SEM, as shown in Figure 4.9. The side view SEM image in Figure 4.9(a) reveals 
detailed information about the tube windings and tube diameter. The prepared VRU-MRRs have a 
diameter of ~10 μm, wall thickness of ~150 nm, length of ~200 μm and 2-4 windings, within which 
the NPs are embedded. The interlayer embedded NPs were imaged in cross-section after FIB cutting, 
as shown in Figure 4.9(a).  
 
Figure 4.9: Exploring the presence of NPs fully embedded in TiO2 microtube walls. (a)  Side view SEM image of a segment 
of the activated VRUMs (left-panel). Cross-sectional image of a rolled-up tube taken by SEM clearly revealing aggregated 
Cd6P7 NPs embedded in the TiO2 tube wall (right-panel). (b) Distribution of the NPs investigated by transverse EDX line 
mapping across the rolled-up microtube. (c) Distribution of the elements Cd, P, Ti and O throughout the tube characterized 
by EDX elemental mapping (Figure reproduced with permission from Ref [149]).    
The presence of NPs in the microtube walls was further examined by a transverse line scan along 
the rolled-up tube using energy-dispersive X-ray spectroscopy (EDX). As shown in Figure 4.9(b), the 
intensities of the Cd and P elements are clearly higher in the tube region with respect to the 
neighbouring regions, indicating the presence of Cd6P7 NPs within the windings of the tube. To 
explore the NPs distribution along the tube axis, EDX elemental mappings were also carried out on 
the rolled-up TiO2 tubes. Figure 4.9(c) shows that the Cd6P7 NPs are distributed over the entire TiO2 
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rolled-up microcavity. Therefore, this method can enable the mass production of NPs-embedded 
VRU-MRRs on a single chip (see Figure 4.8 and Figure 4A1†). 
4.3.4  Optical Characterization in the Visible Range 
The optical characterization of the fabricated microtube systems was carried out using a 
confocal laser setup (see Subsection 3.2.1). A fabricated VRU-MRRs was mounted on a XYZ motorized 
stage and excited by a laser beam (λexc= 442 nm) focused through an 50 × objective. The emission 
signal was collected by the same objective and recorded by a spectrometer. Excited by the incident 
laser beam, the embedded NPs emit light which can propagate and circulate in the ring-like 
microtube nanomembrane wall. When the wavelength of the emitted light satisfies the constructive 
interference condition πD=mλ/n (where D is the tube diameter, m is the integer mode number, λ is 
the resonant wavelength and n is the refractive index of the tube wall), optical WGM modes are 
formed. The poor PL emission (center wavelength at ~ 650 nm) from the pure TiO2 microtube can 
only excite very weak WGM modes on top of the weak PL background in a fixed spectral range around 
600-750 nm, as shown in Figure 4.10.  In contrast, the PL emission measured from the NPs-1-VRU-
MRRs based on TiO2 is found at a shorter wavelength range (center wavelength at 615 nm) with a 
significantly higher PL intensity.  
The high intensity of the PL emission facilitates significantly enhanced emission of the WGM 
modes as shown in Figure 4.10 (see Figure A3(c)† and Figure A5† for more details). The observed 
sharp peaks on top of the PL background are a result of the coupling of the PL emission of the NPs 
into the WGMs of the TiO2 rolled-up microtube in contrast to the featureless PL band in the spectra 
of NPs-1. The spacing between two adjacent WGMs peaks and positions of the sharps peaks are 
determine by the diameter and the refractive index of an activated VRU-MRRs while spectral 
intensity distribution depends on the optical parameters of luminescent Cd6P7 NPs. The value of the 
quality factor (Q-factor) of the NPs-1-VRU-MRR is estimated from the Lorentzian fit of the WGMs 
peaks and reaches values up to 1200.  
Apart from a long wavelength broad shoulder, the PL background of the NPs-1-VRU-MRR 
resembles the PL spectrum of colloidal NPs-1 as displayed in Figure 4.10 by the dashed cyan curve. 
The broad shoulder originates from NP aggregates as can be seen in the PL spectrum of aggregated 
NPs-1 on the flat substrate (see dotted purple curve in Figure 4.10). This broadening is a result of the 
delocalization and formation of collective electronic states in the aggregated NPs as discussed in 
detail in refs 157-158. It is worth noting that the WGM intensities of the TiO2 VRU-MRRs with NPs is 
enhanced several times over the TiO2 VRU-MRRs without NPs (see Figure A3(c)† and Figure A5†) 
owing to the enhanced PL emission. Moreover the variation in emission intensity of the WGMs is also 
in agreement with the shape of the NPs’ PL spectrum which indicates efficient coupling between the 
NPs and resonant modes (see Figure A5(b)† and Figure A5(d)† for more details). While the strongest 
mode for NPs-1-VRU-MRR is at ~ 632 nm (shifted around ~17 nm to the red with respect to 
maximum of PL band of NPs-1 in solution ~ 615 nm) and for NPs-2-VRU-MRR is at ~771 nm (shifted 
around ~11 nm to the red with respect to maximum of PL band of NPs-2 in solution ~760 nm). This 
shift can be explained in a way that the loss mechanism (i.e. coupling loss between PL band and WGMs 
peak and absorption loss) of the resonance mode at ~ 615 nm / 760 nm is higher than the resonance 
peak at ~ 632 nm / 771 nm or as discussed in detail in ref [159], can be due to an increased static or 
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a topological disorder as a result of embedded of NPs-1/NPs-2 into the tube wall. Similar 
observations have been reported for other hybrid systems consisting of emitters such as cyanine dye 
J-aggregates [159, 160] and dye-molecules [161] attached to microcavities.  
 
Figure 4.10: Room-temperature PL spectrum of the NPs-1-VRU-MRR (red curve), PL spectrum of colloidal NPs-1 (dashed 
cyan curve), of a TiO2 microtube without nanoparticles (dark blue curve), and of aggregated NPs-1 on the flat substrate 
(purple curve). Note that the PL-intensity of the TiO2 microtube cavity without NPs is multiplied by a factor of four. The 
inset on the left shows a schematic of WGM resonances excited in the tube wall by a laser beam. The inset on the right 
shows a series of resonant modes (from 610 to 660 nm) fitted by Lorentzian curves after PL background subtraction. The 
identification of both TM and TE modes is in agreement with the results from numerical simulations. (Figure reproduced 
with permission from Ref [149]).    
Additional PL measurements at different positions along the tube axis were carried out for this 
NPs-1-VRU-MRR system showing similar results to those presented by the red curve in Figure 4.10 
with mode positions and free spectral range (FSR) persistently agreeing with calculations (see Figure 
A3(b)†). This is a further confirmation of the luminescent NPs distribution over the entire rolled-up 
tube in agreement with Figure 4.9(c). This emphasizes one of the key features of VRU-MRRs: their 
multiplexing ability [109]. For instance, a single long active TiO2 VRU-MRR could be used to integrate 
several WGM resonators independently at several positions along the tube axis [110]. This is 
impossible to achieve with other types of on-chip cavities such as planar microrings, microdisks, or 
microsphere cavities [23].  
The thickness of the fabricated tube wall is approximately 150 nm. Such very thin-walled tube 
structures (without any NPs) offer merely weak confinement for optical modes and only a single set 
of resonant modes, namely transverse magnetic (TM) modes with electric fields parallel to the tube 
axis, are commonly found [29,64,117,155,162,163].  However, in the tube with embedded NPs, 
transverse electric (TE) modes (characterized by an electric field perpendicular to the tube axis) are 
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also observed in addition to the TM modes, as shown in the inset of Figure 4.10. The occurrence of 
TE modes can be explained by an increase in both the wall thickness and the average refractive index 
of the tube wall when the NPs are present (the refractive index of Cd6P7 NPs is about 3.8, while TiO2 
under our fabrication conditions has a refractive index of about 2.1). As shown in Figure 4.10, the 
assignment of TM and TE modes was confirmed by both numerical simulation (see Figure A3 (a) †) 
and polarization mapping (see Figure A4†) with the aid of a combination of a half wave (λ/2) plate 
and a polarizer introduced in the measurement light path, selecting the PL signal with the component 
of the emitted field to be parallel to the polarizer.  
4.3.5 Optical Characterization in the Near-IR 
The PL spectra of the NPs-2 and the NPs-2-VRU-MRR are shown in Figure 4.11. The NPs-2 have 
a PL center wavelength located at about 760 nm. This causes a shift of both the TE and TM resonant 
modes from the visible towards the near-IR spectral range. Predictably, both TM and TE modes are 
also observed in the IR spectral range, as shown in Figure 4.11 (see Figure A4† for more details). 
 
Figure 4.11: Room-temperature PL spectrum of a NPs-2-VRU-MRR (red curve), of NPs-2 (dashed cyan curve), and of 
aggregated NPs-2 on the flat substrate (purple curve).The inset shows a series of resonant modes fitted by Lorentzian 
curves after the subtraction of the PL background. Both TM and TE modes are identified by polarization mapping and are 
labelled accordingly. (Figure reproduced with permission from Ref [149]).    
In contrast to previous reports, where the resonant modes occur either in the visible or IR 
spectral range [82, 83], in this case the resonant modes span from the visible to the near IR 
frequencies, and therefore allow the system to operate and work over a wider spectral range. More 
PL measurements were performed on other activated VRU-MRRs which exhibit similar results to 
those presented in Figure 4.10 and Figure 4.11. 
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This validates the feasibility of mass production of activated VRU-MRRs. Moreover, the proposed 
fabrication method allows to preserve the hollow core of the tube cavity, offering an interesting 
platform for optofluidic applications [33, 79]. Our method for delivering NPs to nanomembranes is 
not restricted to spin-coating. We found that NPs can also be successfully enwrapped in the tube wall 
by directly rolling up the nanomembranes in an organic solution containing NPs (see Figure 3.14). 
4.3.6 Conclusions 
We have fabricated active TiO2 microtube cavities embedding luminescent NPs inside the tight 
windings of rolled-up nanomembranes. When excited by a laser beam, the NPs emit light which is 
guided and brought into resonance by the tube walls. A proper choice of the emitting NPs allows to 
tune the frequency of the resonant modes from the visible to the IR spectral range. In this work we 
reported on Cd6P7 NPs embedded in TiO2 microcavities. Other materials can be exploited for both the 
nanomembranes (e.g. SiO2, SiOX, Y2O3, ZrO2, etc.) and also for the NPs to be embedded into the 
microcavity during the rolling process (e.g. CdSe, ZnO, Si/Ge, Au, etc.). An alternative method to 
efficiently embed the NPs inside the rolled microtubes consists of rolling the nanomembranes in an 
organic solution where NPs are dispersed. The proposed fabrication method could pave the way for 
novel microcavity designs, optical sensing applications and microcavity lasing with luminescent NPs 
as optical gain medium. 
4.4 Quantum Dots Aggregate in Rolled-up TiO2 Microtube 
Cavity for Novel Optical Resonant Mode Tuning 
This section of the current dissertation is based on the publication Madani et al. in the journal of 
Applied Physics Letters 2016, 108,171105 [172]. The fabrication and activation of microtubes were 
done completely by me. Colloidal quantum dots based on Cd6P7 were cooked by Dr. Shiding Miao 
from chemical department in Technische Universität Dresden. For these microtubes all the 
experiments were performed by me.Theoretical part was done by Dr. Vladimir A. Bolaños Quiñones. 
The manuscript was written by Dr. Ma. FIB cutting and SEM imaging were taken by Dr. Stefan 
Baunack.  
As discussed in the previous section, we successfully activated our rolled-up TiO2 by embedding 
even distributed/ aggregated quantum dots (QDs), as a light source, within the windings of the tube 
during the roll-up process. However, the aim of this present work in this section is to demonstrate 
that spatially aggregated quantum dots (QDs), in addition to providing a light source for optical 
resonances of TiO2 rolled-up microtube cavities, can also be created an optical potential well for 
three-dimensional (3D) resonant light efficiently confined in an optical microtube cavity. 
Additionally, we report that the QDs-aggregate together with the tube’s geometry result in the 
coexistence of spatially and temporally overlapping double potential wells in a single photonic 
system. To the best of our knowledge, this is the first observation of double potential wells in a single 
photonic system. Note that ‘‘luminescent NPs‘‘ are referred to as “luminescent QDs ” in the part of 
this thesis.    
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4.4.1  Motivation 
The interactions between luminescent quantum dots (QDs) and optical microcavities have 
attracted huge attention over the last decades [81,164-166].These studies concern either single QDs 
in optical microcavities for weak/strong coupling [164,165] or massive QDs coupling with optical 
microcavities to pump optical resonances, [82,166] where the QDs were supposed to work only as 
light sources. 
 Here we demonstrate for the first time that, in addition to serving as light source, QDs-aggregate 
in a microtube cavity can generate an optical potential well to confine resonant light. The potential 
well arising from the QD-aggregate together with the one induced by the tube geometry leads to the 
formation of overlapping double potential wells in a single photonic system. Previous works have 
shown that double potential wells play a key role in numerous physical systems such as electron 
transport in semiconductor quantum wells, quasiparticle transport, acoustic waves, and matter-
wave interferences.[167-169] These systems support wave interferences due to phase-coherence in 
a double potential well. In photonics, multiple potential wells have been reported in a long silica fiber 
which contains a series of microresonator chains[170]. 
 However, these potential wells are spatially isolated, and therefore are unavailable for the 
examination of the responses of two potential wells to a single light beam. In addition, a switchable 
potential well in an optical microring resonator has been realized due to the existence of “buckled-
up” and “buckled-down” ring shapes [171].The two potential wells spatially overlap but are 
temporally isolated, and are therefore unavailable to simultaneously examine the response of the 
double potential well to the resonant light. In the present work, we show that the overlapping 
potential wells in the hybrid tube cavity can simultaneously trap resonant light at the same spatial 
position, which is relevant to both fundamental and applied investigations. 
4.4.2 Embedded Aggregate QDs into a VRU-MRR for Generation 
Potential Well 
To fabricate the microtube cavity, a TiO2 nanomembrane was deposited using electron beam 
evaporation onto a finger-shaped photoresist sacrificial layer, [92,109] as shown in Figure 4.12(a). 
Note that, the fabrication process is detailed in Chapter 3. The refractive index of TiO2 is ~2.1 as 
determined using ellipsometry.  
Prior to rolling, a colloidal solution of Cd6P7 QDs [156] in toluene with an emission maximum at 
760 nm was drop-cast onto the TiO2 surface. Due to the surface tension, discrete QDs solution 
droplets were formed on the TiO2 nanomembrane, resulting in QDs aggregated areas (see the sketch 
of a grey region in Figure 4.12(a)) over the membrane after low speed spin-coating (500rpm-10s). 
Finally, the QDs functionalized nanomembrane was rolled-up by submersion in dimethyl sulfoxide 
(DMSO) which dissolved the photoresist sacrificial layer. The aggregated QDs are embedded in the 
interlayer of the tube wall, which is verified by a cross-sectional SEM image (see up left part of Figure 
4.12(a)) of the tube wall, where the sample was prepared by the method mentioned above.  
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The location of the QD-aggregate at the studied tube is revealed by photoluminescence (PL) 
optical scan along tube axis. The resulting tube has a diameter of ~9.5 µm and a wall thickness of 
~150 nm. Atomic layer deposition (ALD) was used to coat the tube surface with a thin layer of HfO2 
to study the response of the two sets of modes supported by the double potential wells. 
 
Figure 4.12: QDs-aggregate modified hybrid microtube cavity supports overlapping double potential wells with variable 
energy spacing. (a) Schematic shows the tube rolling up from a finger-shaped planar TiO2 film with aggregated QDs as 
shown by the SEM image in the bottom inset as an example. The top left inset shows a cross-sectional SEM image of a 
rolled-up tube revealing QDs embedded between the TiO2 layers. (b) From bottom to top: PL line-mapping along the tube 
axis shows a bright area which indicates the section containing the QDs-aggregate; an SEM image of a rolled-up TiO2 tube 
segment; schematic shows the resonant light is trapped in overlapped potential wells which are respectively created by 
the QDs-aggregate (red) and the cone-shaped tube structure (blue). (Figure taken with permission from Ref [172]).         
4.4.3 Optical Characterization: Polarization and Spatial Optical Maps 
Optical characterization of the QDs embedded microtube cavity was performed by measuring 
the light emission with a standard laser confocal µ-PL setup, in which a  microscope objective 
was used to focus a 442 nm laser line onto the sample and collect the emission signals (see Section 
3.2.1 for more information). Spatial optical maps of the tube cavity were collected by successively 
exciting the tube wall along the tube axis (which we label z-axis), while polarization resolved maps 
were collected with the aid of a combination of a λ/2 plate and a polarizer mounted in the 
measurement light path.  
Figure 4.12b shows a scanning electron microscopy (SEM) image of the tube segment containing 
a QDs-aggregate, where the location of the QD-aggregate is revealed by a PL intensity line map along 
the tube axis (see bottom panel of Figure 4.12 (b)). The bright zone (z~9-16 µm) in the PL map 
indicates the aggregated place of luminescent QDs. 
50
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Figure 4.13: Optical resonant modes measured from the QDs embedded microtube. (a) Optical resonant mode spectrum 
measured at a place outside of the QDs-aggregate zone. (b) Optical spectrum in the QDs-aggregate section showing 
multiple overlapping resonant modes. (c) Polarization resolved measurements of the resonant modes shown in (b). Mode 
intensity as a function of polarization angle with respect to tube axis, where a single set of TE modes and a double set of 
TM modes are resolved. (d) A spectrum showing a double set of TM modes. (e) A spectrum showing a single set of TE 
modes.(Figure taken with permission from Ref [172]).         
Based on the PL intensity mapping shown in Figure 4.12(b), there is a relatively “sharp” edge at 
the right side of the aggregate, similar to the case shown in the SEM image in Figure. 4.12(a). 
Measurements of Resonant modes were performed both outside and inside the QDs-aggregate area 
as shown in Figures 4.13 (a) and 4.13(b). Only a single set of resonant modes – well studied 
previously [28,29,155] – were found outside of the aggregate area. However, multiple sets of modes 
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were observed inside the area containing the QDs-aggregate. These multiple sets of modes differ 
from previous reports such as higher order axial modes and radial modes [90, 92,108,173].  
To better interpret the observed multiple modes, polarization mapping was performed as shown 
in Figure 4.13(c), where the angle equal to 0 is defined as being parallel to the tube axis. Both TM 
polarized modes (which we define as having the electric field of the resonant light parallel to the tube 
axis) and TE modes (which have the electric field perpendicular to the tube axis) were resolved, 
which are shown separated in Figures 4.13 (d) and 4.13 (e). It is worth noting that the number of TM 
fundamental modes is double the number of TE modes counter to basic resonator theory that would 
require them to be equal. To clarify the origin of the double sets of TM modes, a line mapping of the 
multiple modes was performed along the tube axis. Figure 4.14 (a) shows the mode intensity map in 
the QDs aggregated area. The TE modes continuously redshift (to move to the longer wavelength) 
while the TM modes keep constant in this zone.  
 
Figure 4.14: Line maps of the resonant modes (PL background subtracted) along the tube axis indicate the origin of the 
two sets of TM modes. (a) Constant double sets of TM modes (guided by dotted cyan line) are localized in the QDs-
aggregate area while a single set of TE modes (guided by green dotted line) continuously red shift in the same area. (b) A 
continuous blue shift of a single set of TM modes (  magnified) is revealed in the area outside of the QDs-aggregate. 
(c) Axial potential well for the QDW mode formed due to a higher refractive index in the QDs-aggregate zone. The inset 
shows the refractive index variation calculated based on the TE mode shift. (d) Axial potential well for ASW mode formed 
due to the cone-shaped tube structure. The inset shows an exaggerated sketch of a cone-shaped tube. The exact value for 
the cone-shaped structure is calculated based on the shift of the single set of TM mode shown in (b). (Figure taken with 
permission from Ref [172]).         
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The redshift of TE modes is induced by the increase of average refractive index along the tube 
axis z in this segment which is caused by the gradual changes of the QDs-aggregate concentration 
therein. This refractive index variation can be derived from the TE mode shift based on resonant 
conditions (see the inset of Figure 4.14(c)).  
The gradually aggregated QDs is further evidenced by the PL intensity line mapping in this area 
(see Figure 4.12 (a)), where the higher PL intensity indicates a higher concentration of QDs. The PL 
intensity mapping shows there is an “abrupt” edge in the right side of the aggregate, which is in 
consistent with TE mode evolution in this region. One should note that whether there is a sharp edge 
or how it is orientated will ultimately influence the shape of the average refractive index curve.  
In contrast to the TE modes, the unshifting feature of the TM modes in this area indicate that the 
TM modes are spatially confined and, therefore, are insensitive to local refractive index variations at 
each position z along the tube axis. The line mapping of the double sets of TM mode differs from that 
measured from higher order axial modes as shown in previous report[92]. The TE modes vanish 
when the QDs are absent at µm which leads optical confinement too weak to support TE 
polarized resonant modes[174]. When the line mapping goes away from the QDs-aggregate area 
(z>16 μm), only a single set of weak TM modes is observed, exhibiting a continuous blue shift (see 
Figure 4.14(b)). The blue shift is induced by the continuously decreased diameter in this section (a 
cone shape), as discussed in our previous work [145]. 
4.4.4  Theoretical Modeling 
The QDs aggregation and cone-shaped tube structure each, respectively, generate an axial 
potential well. The axial potential well is calculated based on the adiabatic approximation,[92] i.e. a 
separation of the optical electric field into rφ-plane and z components  
where Φ represents the electric field in a two-dimensional ring cavity in the rφ-plane and ψ is the 
field spread along the z-axis. By taking Φ into the scalar Helmholtz equation (describing 
electromagnetic field evolution in a dielectric medium), we obtain  
    (4.1) 
Where n is the refractive index and kcirc is the wave vector in the rφ-plane at each z. As we show 
below, kcirc acts as a photonic potential along the tube axis. In the case of QDs aggregation, the average 
refractive index of the tube section containing QDs is higher than that of the rest of the tube, because 
the refractive index of bulk Cd6P7 is around 3.8 while that of TiO2 is around 2.1 (see Appendix B). The 
inset in Figure 4.14(c) shows the variation of the average refractive index in this area deduced from 
the shift of the TE modes. Taking into account this variation, a QDs-aggregate induced axial potential 
well (QDW) is depicted by solving Equation (4.1), as shown in Figure 4.14 (c). On the other hand, for 
the cone-shaped tube the variation of tube diameter is calculated based on the blue shift of the 2D 
confined TM modes [108]. Taking into account the variation of the tube diameter as well as the 
number of windings (see Appendix B), an asymmetric structure induced axial potential well (ASW) 
was depicted, as shown in Figure 4.14 (d). As such, overlapping double potential wells are formed in 
a single microtube cavity. The observed two sets of fundamental mode indicate that the double 
potential wells exist independently rather than being a sum of the two potential wells where only 
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one set of fundamental mode can be observed. Based on the calculated potential wells, one can fit 
each set of TM modes by solving the Helmholtz equation for optical wave propagating along the z-
axis:  
     (4.2) 
Where kcirc is the axial potential solved from Equation (4.2) and k is wave vector in z direction. 
Figure 4.15 (a) shows the mode intensity map containing three groups of TM modes in the QDs-
aggregate area, where the mode spacing varies and the mode trace centers are slightly misaligned 
from each other. The two phenomena eliminate the possibilities of higher order axial modes,[92, 108] 
radial modes,[175] and split modes[174] in our observation. Instead, these phenomena are well 
fitted and explained by the overlapping double potential well model, as shown in Figure 4.15 (b). It 
is found that the neighboring modes (and superimposed modes at certain frequencies) possess 
different azimuthal mode numbers m. In other words, a different number of waves fit for each set of 
axially confined TM modes encircling in the microtube cavity (see Figure 4.16 (a)). Instead of phase 
coherence, this fact indicates a phase velocity separation when the resonant light propagates in the 
hybrid microcavity with the same optical frequency, while the modifications of phase velocity have 
been reported in other photonic structures[176,177].  
 
Figure 4.15: Variation of the spacing of the neighboring two set of TM modes. (a) Measured PL intensity map of the two 
sets of TM modes. (b) Calculation of the mode energies based on the two potential wells. Each neighboring set of TM modes 
have different mode number m. (Figure taken with permission from Ref [172]).         
4.4.5 Optical Vernier-Scale-Like Tuning Effect 
For clarity, a pair of superimposed modes (e.g. at ~1.518 eV shown in Figure 4.15 (a) and Figure 
4.16 (b)) with the same frequency fi are compared to illustrate the phase velocity difference. 
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As shown in Figure 4.16 (a), the numbers (m1 and m2) of resonant optical waves, i.e. the mode 
numbers for each TM set, respectively encircle the same circumference (πD) of the tube cavity. This 
means the corresponding wavelengths (λ1 and λ2) are different, although they propagate in the same 
place with the same frequency. The wavelength difference is induced by the different effective 
refractive indices when the resonant light is respectively confined in the QDW and ASW potentials, 
where the effective index in QDW case is mainly determined by the average refractive index variation 
and the that in ASW case is mainly determined by the cone-shaped geometry [114, 117]. From Figure 
4.16 (a) one can deduce the wavelengths 𝜆1 = 𝜋𝑛𝑒𝑓𝑓𝐷/𝑚1 and 𝜆2 = 𝜋𝑛𝑒𝑓𝑓𝐷/𝑚2. Thus the phase 
velocity difference reads.     
∆ѵ𝑝  = 𝜆2𝑓𝑖 − 𝜆1𝑓𝑖 = 𝜋𝑛𝑒𝑓𝑓𝐷𝑓𝑖 (
1
𝑚2
−
1
𝑚1
).                                            (4.3) 
 
Figure 4.16: Phase velocity difference in the overlapped modes, where the overlapping modes can be tuned via a Vernier-
like effect in response to surface perturbation. (a) Schematic of phase waves possessing the same frequency but different 
mode numbers resonating in the tube cavity. (b) From top to bottom: Resonant spectrum of the two sets of TM modes 
measured before surface coating where the peaks were fitted with Lorentzian functions to identify the peak position and 
to guide the eye. The corresponding intensity lines measured before and after surface coating, which behave similar to a 
Vernier scale. (Figure taken with permission from Ref [172]).         
The overlapping modes can be tuned by coating the tube surface with a thin layer of HfO2 using 
ALD [104,106, 119]. Due to the different susceptibility of each set of axially confined modes to tube 
surface perturbations, the sets of modes shift by different degrees, consequently resulting in a 
Vernier-scale-like tuning. Figure 4.16 (b) shows the peak positions of the two set of TM modes and 
their corresponding intensity lines before ALD coating, where the QDW and ASW modes overlap at 
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~1.518 eV. After coating with a 25-nm thick layer of HfO2, the modes overlap at ~1.705 eV. Thus, we 
have shown one can tune the overlapped frequency position where the resonant light possesses 
separated phase velocities. Moreover, the Vernier-scale-like effect can be employed for optical 
sensing measurements. By virtue of optical Vernier tuning, a measurement is read not only by a single 
mode shift but also the shift in peak overlap position. As such, this type of microcavity fabricated with 
its chip-integrateable approach and concurrent independently shifting sets of modes could provide 
a highly sensitive and compact sensing solution for practical applications. 
4.4.6 Conclusion 
In conclusion, a microtube cavity integrating aggregated QDs was fabricated which supports 
double axial potential wells due to QDs concentration and diameter variations along the tube axis. 
Our work shows spatially aggregated luminescent QDs not only work as a light source, but also 
generate a photonic potential to confine resonant light in a microcavity. Instead of phase coherence 
in the double potential wells, the wavelength overlapping optical modes exhibit separated phase 
velocities, where the mode positions can be tuned via a Vernier-like effect in response to surface 
modification. The existence of double axial potential wells, as well as phase velocity separation, and 
the Vernier-like tuning effect, could be used in promising applications such as in optical modulations, 
and sensing applications
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‘‘For a successful technology, reality must 
 take precedence overpublic relations,  
for Nature cannot be fooled.’’ 
-Richard P. Feynman 
 Monolithic Integration of Rolled-up TiO2 
Microtube Vertical Ring Resonators with 
Nanophotonic Waveguides for 3D Photonic 
Integration 
This chapter is mainly based on the publication Madani et al., in the journal of Optics Letter 2015, 
40, 382610 [110]. The fabrication, optical and physical characterization of the fully integrated rolled-
up TiO2 microtube with nanophotonic waveguides, as well as analysis of the results were done by 
me. The collaboration for the transmission measurement based on vertical coupling setup is partially 
performed with Moritz Kleinert (PhD student from HHI Institute, Berlin, Germany) who is also co-
author of this paper.  Nanophotonic waveguides designed and fabricated by David Stolarek and Dr. 
Lars Zimmermann (from IHP Institute, Germany) who are also co-authors of this paper. SEM imaging 
was done by Dr. Jung. FIB cut was performed by Dr. Stefan Baunack. The manuscript was written by 
me. 
After successfully rolling up high-quality TiO2 microtube vertical ring resonators with a high 
yield on flat substrates by optimization of the deposition rate, maximum thickness, and etching time. 
This chapter arose out of all of my effort to demonstrate full integration of vertical optical ring 
resonators with silicon nanophotonic waveguides on silicon-on-insulator substrates to accomplish a 
significant step towards 3D photonic integration. In principal, this achievement is strongly motivated 
by the publication Madani et al., in the journal of Optics Letter 2014, 39,189-192 [109]. But here, we 
used on-chip photonic waveguides to excite resonance modes instead of the tapered fibers. Because 
the tapered fibers are mechanically fragile, suffer from low reproducibility, low product yield, and 
practically impossible to position an array of tapers to the desired location on the tube. It should be 
remarked that almost at the same time, Yu et al, [113] were also able to rolled-up optical resonators 
directly on waveguide chips.  
5.1 Motivation  
As we discussed in the earlier chapters, optical microcavities play important roles in many diverse 
scientific and technological areas owing to their excellent optical properties, compactness, and potential 
applications [23, 27]. Recently, vertically rolled-up microcavities (VRU-MRRs), as a novel form of ring 
resonators [28, 29], have been recognized as a promising optical unit due to the elegant fabrication procedure 
                                                             
10 This paper was a top Download in Optics Letters and also ''Appreciated with referees.  
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[66, 67], realization of new device and system concepts [79, 85], and the compatibility with on-chip integration 
technologies. In contrast to other types of microcavities [23], VRU-MRRs enable the light to propagate in a 
plane perpendicular to the substrate surface [28, 29]. The out of plane configuration makes VRU-MRRs 
promising candidates for 3D photonic integration [31] where optical interconnects between multiple 
photonic layers are required [14]. Moreover, the hollow core of VRUMs offers an inherent channel for 
optofluidic applications [32, 33], and has also been suggested for efficient cooling in densely packed electronic 
circuitry [34]. VRU-MRRs have been investigated in fundamental studies [28, 29, 90, 92, 178], for 
optoelectronic applications [31, 86, 88, 89] as well as optical sensors [32, 33, 80, 81].  
 
        Optical coupling between waveguides and microtube cavities has been achieved by manually placing 
a single (see chapter 4 for more details) or two fibers in the vicinity of a tube’s surface to evanescently excite 
the cavity modes [31, 109, 114].  However, this method suffers from several drawbacks such as mechanical 
vibrations, low reproducibility, and lack of fabrication control and system instability. In another approach a 
single VRU-MRR was picked from a mother substrate and directly placed onto an on-chip waveguide for 
optical coupling [63, 115]. However, this method is also serial, time consuming and as such does not allow for 
any massively parallel integration scheme. In this context, it is of high interest to develop techniques to fully 
and monolithically integrate VRU-MRRs with optical waveguides in order to realize on-chip optical coupling, 
which would be a crucial ingredient for advanced photonic applications such as unification and 3D stacked 
chip integration. The well-controlled fabrication process including the ability to precisely tune the distance 
between the VRU-MRRs and waveguides might be considered as an indispensable asset over currently 
available serial and manually controlled VRU-MRR integration schemes [33, 109,114,115].   
 
In this work, we experimentally demonstrate fully integrated VRU-MRRs with Si nanowaveguides on 
silicon-on-insulator substrates. The integrated system is compact and mechanically stable which enables out 
of plane coupling between the waveguides [130] and VRU-MRRs and allows for 3D applications in silicon 
photonics. Optical characterization of these resonators reveals an extinction ratio of the integrated VRU-MRR 
as high as 19 dB. Furthermore, we demonstrate the integration of VRU-MRRs on multiple waveguides allowing 
for parallel and multi-routing through a single microcavity on chip. The on-chip Si nanowaveguides were 
fabricated from a 220 nm thick silicon layer on 2 µm thick SiO2, using 248 nm deep ultra violet (DUV) 
lithography and reactive ion etching (RIE) techniques [130]. Each nanowaveguide has two grating couplers at 
both ends to send light into the nanowaveguide and collect the transmission signal. The realization of fully 
integrated VRU-MRRs relies on previously reported fabrication techniques [93, 109] and are prepared by 
rolling up 2D differentially strained TiO2 nanomembranes into 3D microtubes on the Si nanowaveguides.  
5.2 Experimental Section: Integration of VRU-MRRs on Nanowaveguides  
The integration of VRU-MRRs on nanowaveguides is schematically outlined in Figure 5.1(a)-(d). In brief, 
1 µm thick photoresist (AR-P 3510, Allresist GmbH) as a sacrificial layer was spin-coated onto the 
nanophotonic chip surface. Standard photolithography was then employed to fabricate an array of U-shaped 
photoresist patterns for VRU-MRRs preparation [92] and an array of rectangular-shaped photoresist patterns 
to protect the grating couplers, as shown in Figure 5.1(a). The cross-section of a single mode Si nanowaveguide 
and a protected grating coupler are shown in the bottom panels of Figure 5.1 (e). Afterwards, a strained TiO2 
nanomembrane (115 nm thick) was deposited by electron beam evaporation, as shown in Figure 5.1 (b).   
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Figure 5.1: Schematic process of fully integrated VRU-MRRs with optical waveguides. (a)  Patterned photoresist arrays 
on waveguides and grating couplers are prepared by photolithography. (b) Differentially strained TiO2 is deposited onto 
the waveguide chip. (c) The TiO2 nanomembrane rolls up into microtubular structures after dissolution of the photoresist 
patterns. (d) Magnification of a single integrated VRU-MRR on top of waveguides. (e) (left-panel) optical microscopy and 
SEM images of the photoresist-protected grating coupler; (right-panel) microscopic image of angle-deposited TiO2 
nanomembrane on a photoresist pattern, having an open window for photoresist removal and SEM of the cross-section of 
a silicon nanophotonic waveguide. (Figure taken with permission from Ref [110]).         
TiO2 was deposited by evaporating Ti metal in an oxygen atmosphere. The deposition was carried out at 
different rates to generate a differential strain in the nanomembrane [93,109, 144]. First, a thickness of 15 nm 
was deposited at a low rate (0.3 A°/s), and subsequently a thickness of 100 nm was deposited at a high rate 
(3.8 A°/s).A 15° glancing angle was used during the deposition resulting in an uncovered small window at the 
left edge of the patterned photoresist [93], as is shown in the right top panel of Figure 5.1 (e). The photoresist 
was then dissolved by an organic solvent (Dimethyl sulfoxide), causing the left-to-right roll-up of the TiO2 
nanomembrane to release the built-in strain (Figure 5.1(c-d)).  
These integrated TiO2 VRU-MRRs possess many intriguing features such as a high refractive index 
(n∼2.2), transparency in the visible and IR spectral ranges as well as bio- and CMOS-compatibility 
[109,142,144].  Moreover, the optical absorption loss of TiO2 is approximately 10 times lower than of silicon 
at the optical communication wavelength at 1550 nm. The rolled-up VRU-MRRs can be separated into three 
segments: a bridge-like segment which is elevated above the substrate and connects two thicker “arms” 
(consisting of more tube windings) that remain in contact with the substrate (Figure 5.1(c-d)). The gap 
between the VRU-MRR and the waveguides can be tuned by changing the thickness of the photoresist and the 
number of turns performed by the rolled-up microtube. 
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5.3 Optical and Physical Characterization of Waveguides Coupled VRU-MRRs 
5.3.1 Optical Microscopy, SEM Inspection and FIB Cutting 
The fabricated VRU-MRRs were characterized by optical and scanning electron microscopy 
(SEM), as displayed in Figure 5.2. The top view optical microscopy image shows a rolled-up 3D 
microtube integrated on multiple nanowaveguides (Figure 5.2(a)). The top and side view SEM images 
in Figure 5.2(b-d) reveal detailed information about the tube windings and the gap between the tube 
and the waveguide. Figure 5.2(b) highlights the high quality of the fabrication process.  
The nanomembrane is rolled-up tightly, so that adjacent windings are in close contact with each 
other as documented in the Figure 5.2 (d). The middle segment is elevated and bridges over the 
nanowaveguide (Figure 5.2.(c)) thus ensuring efficient light coupling from the nanowaveguide to the 
VRU-MRR and vice versa.The prepared VRU-MRR has a diameter of ∼16 µm, a length of ~180 μm, 
and four windings in the “arms”, resulting in a wall thickness of about 460 nm. The tightly rolled 
nanomembrane results in a compact microtube wall excellently suited to carry optical ring resonator 
modes, as shown in Figure 5.2. (d) (before and after focus ion beam (FIB) cutting, left- and right- 
panels, respectively). The height of the waveguide is ~220 nm and the thickness of the photoresist, 
i.e. the distance between the tube bottom and the substrate, is around ∼1 μm. Thus, the gap between 
the tube bottom and the waveguide is expected to be around ∼780 nm. Due to the thin tube wall and 
the pronounced evanescent field provided by the nanowaveguides, this gap allows for effective light 
coupling between the tube and nanowaveguide [73].  
Multiple microtube cavities integrated on waveguide arrays (WgAs) are shown in Figure 5.2(e), 
and one long rolled-up microtube sitting on five WgAs (consisting of four closely spaced waveguides 
(Figure 5.2 (h)) and three single waveguides is magnified in Figure 5.2(f). This demonstrates the 
feasibility to integrate a large number of VRU-MRRs on multiple waveguides and WgAs at arbitrary 
positions. In principle, each VRU-MRR could be integrated on equally spaced waveguides, and light 
in each waveguide can couple to a ring resonator mode within the VRU-MRR (see Figure 5.2 (g)) and 
detected by a detector array for e.g. massively parallel optofluidic detection [31].  
     5.3.2 Resonant Filtering of Optical Signals at Telecom Wavelengths 
Optical characterization was performed in the telecom relevant spectral range. The 
measurement configuration is shown in Figure 5.3. It is based on a vertical fiber -in and fiber- out 
setup, where two cleaved SMF-28 fibers were vertically placed to couple light in and out through a 
grating coupler with an incident angle of ∼13° (detailed in Section 3.2.3). A tunable infrared laser 
was used as the optical source, and a point detector recorded the intensity variation of the 
transmission signal. The polarization of the light to be coupled into the waveguide was set by a 
polarization controller (PC) which was positioned after the tunable laser. By adjusting the orientation 
of the linear polarization of the incoming IR laser light, the coupling between the waveguide and 
resonator was optimized.  Successful coupling to ring resonator modes was manifested by sharp 
intensity drops in the transmission spectrum through the waveguide. Figure 5.4 (a) shows three 
measured transmission spectra of optical waveguides coupled at different positions of a VRU-MRR.  
5.3 Optical and Physical Characterization of Waveguides Coupled VRU-MRRs  
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Figure 5.2: (a) Top view optical microscopy image of a VRU-MRR fully integrated with nanowaveguides on a single chip. 
(b) Magnification of the center bridge-like part of the microtube (top view) revealing tight and compact windings. (c) Close-
up side-view shows an air gap between VRU-MRR and waveguide as a result of the rolled-up U-shaped pattern on the 
photoresist. (d) Side views of tube (before and after FIB cutting, respectively) opening revealing tight and compact 
windings. (e) SEM image of several fully integrated long VRU-MRRs spanning over waveguide arrays (WgA). (f) 
Magnification of single integrated VRUM bridging across several WgAs and single waveguides. (g) Conceptual illustration 
of a ring resonator array along a VRU-MRR. (h) Magnification of one part of a WgA, consisting of four closely spaced 
waveguides. (Figure taken with permission from Ref [110]).         
In this measurement, the incoming light was polarized parallel to the VRU-MRR axis. The two 
transmission spectra for W1 and W3 originate from waveguides sitting below the two thick “arms” 
of the VRU-MRR. Five fundamental modes are visible with mode numbers ranging from m = 63 to 67 
as identified by simulations (The 2D calculations of the transmission spectrum and the m=63 
resonant mode are given in Figure 5.4 (b)). These two transmission spectra exhibit very similar 
resonant modes due to the same diameter and wall thickness of the VRU-MRR in these two places. 
The major optical modes appear at ∼1501.6 nm, ∼1522.9 nm, ∼1544.3 nm, ∼1565.8 nm, and 
∼1587.5 nm with an extinction ratio (ER) as high as 19 dB at 1565.8 nm. As illustrated in Figure 
5.4(a), the ERs for the W1 and W3 cases are approximately the same because of the equal gap 
between the VRUM and W1 and W3. The Q-factor of the resonant modes were analyzed by fitting the 
modes with Lorentzian curves, where the average quality factor (Q-factor) [64] is calculated as ~310. 
This value is lower than that reported in reference [109] due to the coupling loss to the substrate in 
the on-chip integrated configuration, and is slightly higher than that reported in manually integrated 
VRUM [115]. By assuming a 2D ring geometry with a diameter D of ∼16 μm (derived from the SEM 
image), and a refractive index n ∼2.2, the free spectral range (FSR), i.e. the distance between two 
adjacent fundamental peaks, is determined by the simple equation  𝐹𝑆𝑅 =
𝜆𝑟𝑒𝑠
2
𝜋𝑛𝐷
 , where 𝜆𝑟𝑒𝑠 is the 
wavelength of the resonant mode. The FSR is calculated to be ∼21.5 nm at 1544 nm which is in 
excellent agreement with the experimental value (~ 21nm). 
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Figure 5.3: The measurement configuration of the fiber-in and fiber-out measurement set-up (a) Schematic illustration of 
the vertical fiber in and fiber-out set-up for measuring the transmission spectra of the tube resonator while integrated with 
3 nanophotonic waveguides.  (b) Illustrates an optical image of the used the setup. (Figure (a) taken with permission from 
Ref [110]).         
In addition, the transmission spectrum including five resonant modes, was also recorded for the 
nanowaveguide W2 sitting under the bridge-like segment of the VRU-MRR. At this position the VRU-
MRR has thinner walls with smaller outer diameter leading to slightly shorter wavelengths than for 
the W1 and W3 cases. Figures 5.1 to 5.4 emphasize one of the key features of VRU-MRRs: their 
multiplexing ability. 
 
Figure 5.4: (a) Transmission spectra measured through different waveguides coupled with the same VRU-MRR at 
different positions W1 to W3 as defined in Figure 2(a). Calculated mode positions for m= 63 to 67 are marked by dotted 
blue arrows. (c) 2D simulation of optical coupling between nanowaveguide and VRU-MRR for m = 63 (right-panel) and 
calculated transmission spectrum (left-panel). (Modified Figure taken with permission from Ref [110]).         
5.4 Conclusion 
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A single long TiO2 VRU-MRR can be used as several vertical ring resonators independently at 
several positions along the tube axis, which is impossible to achieve with any other type of on-chip 
cavity such as planar microring, microdisk, or microsphere cavities. Additional transmission 
measurements were carried out for other nanowaveguide-VRU-MRR systems exhibiting similar 
results to those presented in Figure 5.4 (a) with mode positions and FSRs persistently agreeing with 
calculations. This validates the feasibility of monolithic mass production of VRU-MRRs. In our work, 
we used TiO2 as an example material but the fabrication process can be easily adapted to VRU-MRRs 
made out of other materials such as Si, SiOX, SiNx , Y2O3, etc. 
5.4 Conclusion 
In conclusion, we have experimentally demonstrated monolithically integrated VRU-MRRs on top of 
nanowaveguides to accomplish a first important step towards 3D photonic integration. Optical 
characterization of these ring resonators reveals extinction ratios of up to 19 dB. Our work demonstrates an 
intriguing vertical coupling scheme to achieve resonant filtering of optical signals at telecom wavelengths.  
Moreover, we have shown that fully integrated rolled-up microtubes span across many nanowaveguides and 
function as vertical ring resonators at several positions along the tube axis, thus serving as a novel platform 
for multiplexing, optofluidic bio-sensing and opto-mechanical applications. 
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                         ‘‘The important thing in science is not so 
much to obtain new facts as to discover  
   new ways of thinking about them.’’ 
-William Lawrence Bragg 
 Optofluidic Applications of Monolithic 
Integrated Systems  
 
This chapter is motivated based on our previous publication (Madani et al.) in the journal of 
Optics Letter. 2015, 40, 3826 [110]. The results presented in this chapter are part of a prepared 
manuscript (Madani et al.) to be submitted to peer-reviewed journals. My contribution in this 
manuscript was the fabrication, optofluidic demonstration, optical and physical characterization of 
the fully integrated rolled-up TiO2 microtube with polymer waveguides, discussion and analysis of 
the results. FIB cutting and SEM imaging were taken by Dr. Stefan Baunack. Transmission 
measurements were done at Fraunhofer Heinrich-Hertz institute (HHI Institute, Berlin, Germany). 
Polymer waveguides were fabricated at the IIN-Dresden by Ms. Sandra Nestler. The manuscript was 
written by Dr. Ma and me.  
6.1 Motivation 
Optofluidics is an emerging research area in which micro/nano fluidics are unified with integrated optical 
components on the same platform [179].  Optofluidics has held the great promise for creating modern devices 
to use them in many applied systems that deal with liquid analytes [180]. But thus for only a few devices have 
been successfully marketed. To date, whispering-gallery-mode (WGM) microresonators have proved to be an 
excellent choice for optofluidic sensing applications, owing to their ability to trap light in small volumes for 
long periods of time via TIR (see Section 2.1) [24, 26, 37, 54, 180-187]. Among these devices, liquid core optical 
ring resonators (LCORRs) are particularly interesting because they possess inherent hollow cores, which 
naturally offer built-in microfluidic channels for optofluidic applications [53,186,187]. More importantly, 
because of the micrometer-sized such resonators, only (sub-) picoliter volumes of diverse analytes are 
required, which might be considered as an indispensable asset for potential microfluidic applications [53,186].  
In general, the LCORRs are often fabricated by heating-and-pulling glass capillaries, which is however not 
suitable for on-chip integration owing to the fabrication method, structure fragility and large sizes [188].  From 
other hand, an off-chip tapered fiber scheme (see Sections 2.1.5 and 4.1) is usually used to send light in and 
out of these resonators [186-188]. Hence, four factors can be hampered the widespread use of such systems 
in optofluidic sensing applications and also in many other applications. First, these systems are delicate and 
difficult to handle. Second, these systems are fragile and quite unstable. Third, the portability of such systems 
is quite poor. Fourth, the off-chip tapered fibers are not integrated with the microresonators although this is 
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one of the important requirements of integrated optofluidic applications. Thus, apart from the sensitivity of 
these systems [187], the fully integration of these resonators on a photonic chip is a very important aspect for 
optofluidic sensors [53,189,190].  
As discussed in the previous sections, rolled-up nanotech is recognized as an efficient approach to 
create vertically rolled-up ring resonators (VRU-MRRs) with controllable shape and size [28, 29,116,121], 
which is compatible with on-chip integration [63,110,113] and can be a promising solution to satisfy 
these aforementioned  demands. In addition to this and unlike the LCORRs and other resonators (i.e., 
microspheres, microtoroids, microrings, microdisks, etc.) VRU-MRRs represent excellent optical confinement 
[63] and a high degree of mechanical stability [64], and they are well-suited for use in integrated microfluidic 
channels [32, 33, 79, 109, 84,106, 118, 145]. Their unique properties are discussed in detail in Section 2.2. 
To date, the optofluidic applications of the isolated VRU-MRRs11 have been demonstrated by inserting a 
liquid core into a free-standing tube [32,145] or a tube transferred into microfluidic channels [33], which can 
only be measured via far-field laser confocal means in visible spectral range [83]. To realize the real on-chip 
optofluidic functionality, it is crucial to demonstrate optofluidic coupling of the microtube cavities integrated 
onto on-chip waveguides capable of working in the telecom band, which remains unexplored.   
Fortunately, as discussed in the previous chapter, monolithic integration of VRU-MRRS with 
nanophotonic waveguides (i.e., Si waveguides) for 3D photonic integration has been successfully reported.  It 
has been shown that resonant filtering of optical signals at telecom wavelengths can be achieved with this 
intriguing vertical coupling scheme. More importantly, in this work, it is suggested that the fully-integrated 
system (i.e., VRU-MRRs-waveguides systems) is a breathtaking and crucial platform for optofluidic 
applications (see Ref. [110] for more information). Interestingly, in this work, our microtubes are also made 
from non-toxic biocompatible materials (i.e., TiO2) and can be integrated with several waveguides (see 
Chapter 5), which makes them exciting candidates for massively parallel optofluidic detection of diverse 
analytes. However, optofluidic functionality using this kind of integrated system (i.e., tubular microresonators-
waveguides) is not done so far. 
Thus, this chapter is dedicated to demonstrating optofluidic applications from the fully integrated 
systems. Two techniques are explored to verify the optofluidic functionality of the system (1) by uniquely 
filling the hollow core of microtubes with a liquid medium [32,84,145] and (2) by fully covering the 
microtube’s surface with a droplet of liquid, which is equivalent to immersing the other microtubes into a 
liquid medium [118].  The former case highlight that integrated microtube can be used simultaneously as the 
sensor heads and also the invaluable microfluidic channels through injection a liquid inside the tube core [33]. 
In principle, this work reports a simple and less costly method to fabricate large arrays of tubular fluidic 
channels integrated with on-chip waveguides, which are well-suited for potential biological/chemical sensing 
and analysis in a lab-on-chip system. 
In the first part of this chapter, a monolithic integration of large arrays of ultra-compact rolled-up TiO2 
microtube vertical optical ring resonators with several polymer waveguides is illustrated, not only to 
demonstrate the reproducibility and reliability of this intelligent technique but also to present a novel platform 
for the implementation of optofluidic applications. Next, the physical characterization of these fabricated 
                                                             
11 In this PhD thesis, the term ‘’ isolated micro tubes ‘’ refers to microtubes that are not coupled with optical   
    waveguides. 
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microtube resonators by optical and scanning electron microscopy are illustrated to highlight the high quality 
of the fabrication process. The integrated system is compact and mechanically stable to sustain microfluidic 
environment. The following section of this chapter describes details on the optical confinement of IR light 
(1,500-1,600 nm) in a microtube with subwavelength wall thicknesses in a situation in which the core of the 
microtube is initially filled with air and then filled with a liquid medium (purified water). Finally, we consider 
the case when the outside of the tube is fully covered with a droplet of a liquid (purified water) and is still able 
to support optical modes. Thus, both methods illustrate a compact, very robust integrated system with the 
potential to replace today’s widespread use of costly photoluminescent spectroscopy and/or complicated 
fiber-taper coupling schemes. Additionally, the integrated microtubes which their hollow core filled with air, 
have enhanced extinction ratios (ERs) and quality factors as compared to the microtubes investigated in the 
Chapter 5. This indicates that the integrated system is nearly in the critical-coupling regime which optical 
modes possesses high ERs (see details in Section 2.1.7). 
It is worth noting that there are plenty of novelties in this achievement. For example: (1) to date, this is 
the first experimental realization of optofluidic based free-standing VRU-MRRs suspended in air and 
seamlessly coupled to on-chip polymer waveguides; (2) in contrast to previous works [32,33,79,117,118], this 
experiment is not bound to the spectral emission range of embedded emitters; (3) the integrated system 
reduces complexity and improves flexibility; (4) as mentioned before, the integrated system is a good solution 
for cooling down 3D optoelectronic systems, and this is important because thermal is one of the biggest 
obstacles to implementation of such systems [35]; (5) most important, due to the compatibility between the 
processing techniques of VRU-MRRs and microfluidic systems, further chip-level integration of the VRU-MRRs 
in a microfluidic system is possible, which will be a topic of research for our group in the near future. Broadly 
speaking, the key innovation of this experiment is creating a fully integrated and portable optofluidic sensor.       
6.2 Experimental Section: Optical Filter Based on an 
Optofluidic Micro-Ring Resonator  
6.2.1 Fully Integration of an Array of VRU-MRRs with Polymer 
Waveguides  
The fully-integrated VRU-MRRs studied in this work for optofluidic applications, are demonstrated based 
on our newly developed technique, in which the details can be found in Chapter 5. Here, I briefly describe the 
fabrication process.  The process flow for fabrication of the fully integrated sensor mainly consists of three 
steps. First, a ~2.53 to 2.6 µm thick photoresist (AR-P 3510, Allresist GmbH) is spin-coated onto the photonic 
chip as a sacrificial layer. The photonic chip is embedded with polymer waveguides. Note that the polymer 
waveguides are fabricated from a ~2.5 μm thick SU-8 10 layer (MicroChem, MA, USA; negative photoresist) 
on a Si substrate coated with a 1.9 μm thick layer of SiO2 using simple photolithography and wet-etching 
techniques. In this experiment, all fabricated waveguides have a uniform height of 2.5 μm and their widths 
vary from 3 to 5 μm.  The thickness of the SU-8 layer ensures that the waveguides exhibit single transverse 
mode operation. Next, standard photolithography is employed to fabricate an array of U-shaped [92] 
photoresist patterns for rolled-up microtubes preparation [93]. Then, a 115 nm thick layer of differentially 
strained TiO2 was deposited on the surface using tilted electron beam evaporation (see Section 3.1.2). Finally, 
the photoresist was then dissolved using an organic solvent (Dimethyl sulfoxide) leading to relaxation of the 
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2D differentially strained nanomembranes which caused them to roll-up into 3D microtube structures over 
the polymer waveguides. Note that, E-beam lithography was not required because of the vertically coupled 
configuration of the devices (see Section 2.1.6). It is worth mentioning that all of these fabrication steps are 
completely compatible with standard CMOS planar processing techniques. 
6.2.2 Physical Characterization of Polymer Waveguides Coupled TiO2 
VRU-MRRs 
Figure 6.1 shows two optical and four SEM images of the VRU-MRRs fabricated in this manner.  Figure 
6.1 (a) illustrates an overview of an ordered array of fully integrated VRU-MRRs suspended in air and 
seamlessly overlaid over several integrated waveguides on a single chip. This highlights that monolithic on-
chip integration of these VRU-MRRs with polymer waveguides seems straightforward. In Figure 6.1(b)-(f) 
details of the VRU-MRR are shown which emphasize the high quality of the fabrication process. The outline of 
the U-shaped pattern is visible in the background [Figure 6.1 (a-c)]. 
 
 
Figure 6.1: (a) Top view optical microscopy images of an ordered arrays of fully integrated VRU-MRRs spanning over 
several waveguides on a single chip. These images are taken from two different parts of the same chip (part ‘‘I’’ and part 
‘‘II’’). The transmission results presented in this paper come from the tubes which are indicated with ‘‘A’’ and ‘‘B’’. (b) and 
(c) show an overview of a single VRU-MRRs vertically coupled to waveguide. (c1) show a magnification of the one end of 
microtube with very tight rolling and compact windings. (d) A magnification of the center bridge-like part of the VRU-
MRRs with an outer diameter of ~20 μm create. (e) A tilted angle view of the air suspended microtbe opening revealing 
tight, compact windings which highlight the high quality of the fabrication process. (f) A close-up side-view of the 
microtube resonator with tight windings and vertically suspended over optical waveguide. Images (e) and (f) are taken 
after FIB cutting from the upper arm of the tube (see (b) and/or (c)) and the free standing part in the coupling point 
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The existence of the legs on both sides of microtube ensure that there is a vertical gap between the middle 
part and the waveguide itself. Figure 6.1 (d) indicates that the smoothness of the tube surface is excellent. The 
cross-sectional SEM images of the integrated VRUM system were revealed by focused ion-beam (FIB) cutting. 
Parts  (c1), (e), and (f) of Figure 6.1  display how the membrane is rolled so tight that the windings are in 
contact with one other, which produces an ultra-compact microtube wall that is suitable for confining WGMs. 
To protect the tube sample, a carbon layer was coated on top surface of the tube before FIB milling [see Figure 
6.1 (e)]. Moreover, as shown in Figure 6.1 (f), the middle part is elevated above the waveguide with a 
nanometer gap between them which is well-suited to provide a strong optical coupling from the waveguide to 
the VRU-MRR and vice versa. The gap can be precisely tuned by controlling the number of turns performed by 
the rolled-up microtube and changing the thickness of the photoresist.  
 
The fabricated VRU-MRRs have a mean diameter of ∼20 µm, a length of ~200 μm, ~ 4.5 windings in the 
“thick ends”, and ~2.38 windings in the ‘‘thin free-standing part’’ resulting in a wall thickness of about ~274 
nm in the middle part. The height of the waveguide is ~2.5 μm and the thickness of the photoresist (i.e. the 
distance between the tube bottom and the substrate) is between ∼2.5 and 2.51 μm. Thus, the gap between the 
middle part of the tube and the waveguide is expected to be between ∼115 nm and 125 nm [see Figure 6.1 
(e)] and system is nearly in critical-coupling regime in which WGMs have a remarkable ERs which is a higher 
than our previous achievement (see Chapter 5).   
6.2.3 Optical Characterization of the Fully-Integrated System 
Optical characterization was accomplished at telecom wavelengths by means of evanescent mode 
excitation. In this experiment, the transmission setup from Chapter 5 was used with one difference. Here, a 
butt-coupling configuration was performed instead of the vertical coupling scheme (see Sections 3.2.3 and 
5.3.2).  
 
This transmission measurement configuration is illustrated in Figure 6.2 (a). Briefly, in this setup, two 
lensed fibers are horizontally positioned very close to the facet of the waveguide at both ends to couple light 
in and out of it through the waveguide. The gap between the lensed fibers and the facet of the waveguide is 
around ~1 μm. Polarized light from a tunable infrared laser (1,500-1,600 nm) was coupled into the waveguide, 
which was subsequently launched into the VRU-MRR. The light will be coupled into the VRU-MRR to form 
WGM resonance when its wavelength satisfy the resonant condition, manifesting as sharp intensity drops in 
the transmission spectrum measured by the point detector. The polarization of the incoming light to be 
launched into the waveguide was set by a polarization controller that was positioned after the tunable laser. 
6.2.4 Optofluidic Functionality of the Fully-Integrated Systems 
To explore the optofluidic functionality of the on-chip integrated VRUM system, two configurations were 
investigated to demonstrate the optical response to the presence of liquid. In one configuration, the hollow 
core of the tube, as a microfluidic channel, was uniquely filled with purified water (refractive index n=1.33) by 
placing a droplet of the liquid at the bottom end of the tube utilizing a glass capillary and microsyringe [as 
illustrated in the left panel of Figure 6.3 (a)] while in the other configuration the other surface of the tube is 
covered by a big droplet of the liquid [as illustrated in the left panel of Figure 6.4 (a)]. In the former case, the 
capillary force was used to rapidly accommodate liquid microdroplets into the core of the microtube.  
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Figure 6.2: (a) Schematic illustration of the fiber butt-coupling set-up for measuring the transmission spectra of the 
integrated tube resonator; from the air-filled tube (left-panel) and/or when integrated with solution-filled tubes for 
optofluidic detection (right-panel). (b) An optical image of the used the setup in this experiment. 
The presence of liquid in the surrounding medium of the microtube results in a change in refractive index 
and, as a result, leads to spectral shifts of the WGMs. By quantifying these shifts, the sensitivity of the tube to 
change in a fluid refractive index was determined by using (𝜆𝑚,𝑙𝑖𝑞𝑢𝑖𝑑 − 𝜆𝑚,𝑎𝑖𝑟)/(𝑛𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑛𝑎𝑖𝑟), where 
𝜆𝑚,𝑙𝑖𝑞𝑢𝑖𝑑  and 𝜆𝑚,𝑎𝑖𝑟 are the resonant mode m with and without liquid while 𝑛𝑙𝑖𝑞𝑢𝑖𝑑  and 𝑛𝑎𝑖𝑟  are the 
refractive indices of the liquid and air, respectively. Here it should be remarked that for perfect optofluidic lab-
on-a-chip applications, additional integration processing for pumping liquid into and out of the tube is 
indispensable. This will be the subject of future studies. 
6.2.5 Optical Modes in Fully-Integrated VRU-MRRs When the Tube Core 
is Filled with a Liquid Medium 
A representative (but more or less arbitrarily chosen) tube-A shown in Figure 6.1(e) is selected to fill in 
purified water, which is pumped from a capillary tip relying on capillary force. Here, two measured 
transmission spectra of optical waveguides coupled to this tube is reported, in the case of the hollow core of 
the tube filled with air (i.e., empty tube), and then when it is filled with a liquid (see Figure 6.3). In this 
experiment, the incoming light is polarized parallel to the VRU-MRR axis in the free space. The transmission 
spectra with a blue curve corresponds to the measurement of an empty (air-filled) VRU-MRR.  Owing to the 
excellent coupling of the signal into the integrated VRU-MRR, a series of transmission dips (WGMs) are 
manifested with mode numbers ranging from m = 60 to 65. These mode numbers are simply identified by 2D 
simulations and marked with blue triangles [Maps of the electric field intensity for mode m=60 WGM for air-
filled VRU-MRRs is given in the upper panel Figure 6.3 (b)].  
 
6.2 Experimental Section: Optical Filter Based on Optofluidic Micro-Ring Resonator 
 
97 
 
 
 
Figure 6.3: (a) Transmission measurements of the VRU-MRR ‘‘A’’ (as defined in Fig. 1 (a)) (i) when the tube initially filled 
with air (blue curve) and (ii) then the core of tube filled with purified water (red curve) utilizing capillary forces. The liquid 
forces the resonant modes to shift to longer wavelengths (𝛌𝐬𝐡𝐢𝐟𝐭~ 43 nm).Calculated mode positions for ‘‘m= 60 to 65 ‘’ 
(initially filled with air) and for ‘‘m=63 to 68’’ (filled with purified water) are marked by the blue and red triangles, 
respectively. The transmission spectrum of filled-microtube with purified water showing the change in extinction ratio 
and linewidth owing to the absorption loss increases (b) 2D simulation of optical coupling between waveguide and tube 
at both situations; the tube filled with air and then with a liquid. In the presence of solution, an enhancement of the electric 
field spread into the tube core is clear. 
The major optical modes appear at ∼1515.08 nm, ∼1531.59 nm, ∼1548.82 nm, ∼1565.73 nm, 
∼1582.67 nm, and ∼1599.82 nm with an ER as high as 23 dB at 1582.67 nm. These wavelengths are 
in agreement with WGM resonant condition in the VRU-MRR and their FSRs (∼16.5 nm) agrees very 
well with the theoretical calculation.  Here the quality (Q) factor of the resonant mode was measured 
up to 500 at λ = 1582.67 nm, allowing for a fine measurement of the spectral shift.  When the hollow 
core of VRU-MRR ‘‘A’’ was uniquely filled with purified water (n=1.33), an analogous series of 
transmission dips (WGMs) were still observed but the positions of the spectral dip shifted 
significantly to the longer wavelengths (red-shifte resonant modes are shown in Figure 6.3). This can 
be attributed to the change in the refractive index of the tube core (change from nair=1 to nliquid=1.33) 
caused by the present of new medium, as shown with a red in Figure 6.3 (a). Similarly, the peak 
positions of the solution-filled can be reproduced by a FDTD simulation (see red triangular markers 
in Figure 6. 3 (a) and the associated electric field intensity maps in the bottom-panel of Figure 6.3 
(b)). The WGM field profiles in Figure 6.3 (b) are clearly shown and it is obvious that the evanescent 
wave penetrates more deeply into the inner part of the tube and that WGMs shift compared to the 
air-filled microtube.   
By the following the above-mentioned formula, the sensitivity of 130 nm/RIU where RIU 
denotes refractive index unit is obtained from the integrated system. However, the obtained 
sensitivity is smaller than what is reported in the previous demonstration with the isolated 
microtube (i.e., it is not coupled to a waveguide), but it is comparable to liquid core optical ring 
resonator (LCORR) [54,183], microsphere, and planar ring resonator sensor [184,185]. The system 
fabrication and the optofluidic demonstration pave the way for sensing diverse analytes of picoliter 
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volume in a compact integrated optofluidic system. In addition, after filling in purified water an 
unavoidable decrease of the extinction ratio (decreased from ∼23 dB to ∼10 dB) and Q-factor 
(decreased from ~500 to ~250) were observed owing to the optical absorption loss to liquid 
medium. 
6.2.6 Optical Modes in Fully-Integrated VRU-MRRs Covered with a 
Liquid Medium 
The water droplet covered at the outer surface of VRU-MRR is also investigated to demonstrate the 
optofluidic response, as schematically shown in Fig. 6.4(a). Since a heavier optical loss will occur in this 
configuration, a VRU-MRR ‘’B’’ [as defined in Figure 6.1 (a)] exhibiting a larger extinction ratio (32 dB) is used 
for the measurement. The two transmission spectra, including six resonant modes, are recorded for optical 
waveguides coupled to VRU-MRR ‘’B’’, when the tube is initially filled with air and/or the outside of the tube is 
fully covered with a droplet of purified water.  
 
The transmission spectra with the black curve shown in Figure 6.4 (b) corresponds to the measurement 
of an empty microtube ‘‘B’’ (i.e., filled with air).  It can be observed that in comparison to the measured 
transmission spectra of   microtube ‘‘A’’, that these two transmissions exhibit very similar resonant modes 
with a spectral variation of WGM peak positions of  less than 1nm which implies reliability and repeatability 
of our integrated scheme. The transmission spectra with the purple curve shown in Figure 6.4 (b) corresponds 
to the measurement of an integrated microtube covered with droplets of purified water. Note that, a mode 
(m=63) shift of 46 nm is observed. By the following aforementioned formula, the sensitivity of this tube is 
calculated to be 140 nm/ RIU which is slightly higher than which are larger than those measured from tube-
A. This increase is caused by a more pronounced penetration of evanescent field in the outer medium of the 
tube, compared to that in the inner medium. The sensitivity presented in this work is not at the same level of 
the best results demonstrated previously by our groups and others [33, 187].  
 
Note that by fabricating microtube resonators with a thinner wall thickness and reducing the absorption 
in the liquids with detecting light in the visible range, the VRU-MRR-based sensor can potentially offer much 
greater sensitivity. However, it is expected that there is enough room for improving the sensitivity of our 
integrated sensor. Interestingly, in contrast with silica based resonators, the capability of these VRU-MRR 
based TiO2 to support WGM immersed in water is momentous for many potential applications such as bio-
sensing, photo-catalysis and dye-sensitized solar cells. Additionally, after a water droplet covering, one can see 
in Figure 6.4 (b), the extinction ratio decreases from ∼32 dB to ∼10 dB and the Q-factor drops to ~50 owing 
to the heavy optical loss in the water-covering configuration.  
 
In the end, it should be noted that additional transmission measurements are performed over other VRU-
MRR-waveguide systems exhibiting similar results as presented in Figure 6.3 (a) and Figure 6.4 (b), which 
indicate an excellent wafer-scale mass fabrication of VRU-MRRs vertically suspended over many waveguides. 
More importantly, it worth also mentioning that all transmission measurements (with and without a liquid 
medium) were done a few times to prove the repeatability of our work. 
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Figure 6.4: (a) Schematic demonstration of the setup for measuring the transmission spectra of the tube ‘’B’’ resonator 
when is fully covered with a droplet of purified water. (b) Transmission measurements of the tube ‘‘B’’ (as defined in Fig. 
1 (a)) (i) when the tube initially filled with air (black curve) and (ii) when the outside of tube fully covered with a droplet 
of purified water (purple curve).The liquid causes the resonant modes to shift to longer wavelengths (𝛌𝐬𝐡𝐢𝐟𝐭~ 46 nm). 
Calculated mode positions for ‘‘m= 60 to 65 ‘’ (filled tube with air) and for ‘‘m=63 to 68’’ (tube immersed into water) are 
marked by the black and purple triangle, respectively. The transmission spectrum of covered microtube with water 
droplet showing the change in extinction ratio and linewidth owing to the absorption loss increases (c) 2D simulation of 
optical coupling between waveguide and tube which is fully covered with a droplet of a purified water droplet. This 
experiment shows the robustness of our integrated devices. 
6.3 Conclusion      
In conclusion, arrays of ultra-compact 3D microtubular vertical optical ring resonators have been 
monolithically integrated onto on-chip polymer waveguides. Optical transmission measurements of the 
integrated system reveal remarkable extinction ratios up to 32 dB, indicating an excellent optical coupling 
between the vertical tube resonators and the waveguides. To date, this is the highest values reported for VRU-
MRRs. Optofluidic functionality is demonstrated by determination the spectral shifts of the resonance modes 
when the hollow core of the tube is filled and or the outside of the tubes are covered with a liquid droplet. This 
study represents an intriguing vertical coupling scheme that achieves not only resonant filtering of optical 
signals at telecom wavelengths but also analyzes the possibility using them as a novel platform for optofluidic 
biological/chemical detection and analysis in extremely small analyte volume. 
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 ‘’ Imagination is more important than knowledge.  
Knowledgeis limited. Imagination encircles the world"   
-AIbert Einstein  
  Conclusion and Future Directions 
7.1 Conclusion 
 The aim of this work was to demonstrate the monolithic integration of vertically rolled-up microtube 
ring resonators (VRU-MRRs) with optical waveguides that could offer a novel and robust platform for future 
optofluidic applications. Additionally, it was expecting that the developed system (i.e. microtubes coupled 
waveguides) provides a fascinating opportunity for realization of 3D photonic integration owing to the out of 
the plane light confinement of VRU-MRRs. Rolled-up nanotechnology offers a versatile platform for the 
fabrication of VRU-MRRs. The principle of rolling-up 2D pre-strained nano-membranes into sophisticated 3D 
microtubular structures makes them a valuable alternative to previous well-stablished integrated resonators 
such as widely used planar silicon ring resonators. The main results of this work presented as follows: 
 
 In the first part of this work: 
I presented by applying the rolled-up nanotechnology technique, the large array of high-quality 
VRU-MRRs can be fabricated on a single chip by exploiting high refractive index TiO2 nano-
membranes via optimizing deposition rate gradients during preparation in a tilted electron beam 
evaporation system. The microtubes present not only a subwavelength wall thickness with ultra-
smooth tube surface characteristics but also it is shown that they can operate for both the telecom 
(1520-1570 nm) and visible photonics, which are suitable for many interesting applications. Light 
coupling to such resonators is done through interfacing a TiO2 VRU-MRRs with a tapered optical fiber 
and therefore the experiments are not limited to the spectral emission range of embedded emitters. 
In this passive excitation scheme, optical characterization of these elements reveals quality factors 
as high as 3.8×103 within the telecom wavelength range. To the best of our knowledge, these are the 
highest values reported for nontoxic VRU-MRRs at telecom wavelengths. Additionally, it was found 
that owing to the broken rotational symmetry in these resonators, a mode splitting in the 
fundamental modes is experimentally observed.     
 In the second part of this work: 
To further exploration of light confinement in VRU-MRRs, I developed a novel, flexible, robust, 
and economical method for the activation of optical modes of isolated TiO2 VRU-MRRs. Such 
resonators are activated by fully embedding even or aggregated NPs luminescent NPs within the tight 
windings of rolled-up nanomembranes. Light coupling to the resonators is accomplished through μPL 
spectroscopy setup. When excited by a laser beam, thereby efficient light coupling between the 
luminescent NPs and resonant modes of VRU-MRRs is established. It is shown that by changing the 
type of embedded luminescent NPs, the resonant modes precisely tune from the visible to the near-
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infrared spectral range. Additionally, it is also found that this active VRU-MRRs support both TM and 
TE modes which are identified by polarization mapping.  
In addition to providing a light source for optical resonances of isolated TiO2 VRU-MRRs, we 
experimentally realized for the first time that spatially aggregated luminescent NPs, can also generate 
an optical potential well for the 3D confinement of resonant light in such resonators. The spatially 
aggregated-NPs zone found by a PL line-mapping along the tube axis. The NPs-aggregate together 
with the tube’s geometry result in the coexistence of spatially and temporally overlapping double 
potential wells in a single photonic system. The wavelength overlapping optical modes exhibit 
separated phase velocities, where the mode positions can be tuned via a Vernier-like effect in 
response to the surface modification.  
 In the third part of this work: 
I was able to successfully demonstrate a monolithic integration of ultra-compact VRU-MRRs on 
top of nanophotonic waveguides. This success was an important milestone towards 3D photonic 
integration and also a key requirement for a later scalable mass production. The on-chip integrated 
system was created by rolling up 2D differentially strained TiO2 nanomembranes into 3D 
microtubular cavities on photonic-chip that are seamlessly overlaid over multiple waveguides. Light 
coupling into and out of such resonators is carried out through on-chip waveguides based on fiber-in 
and fiber-out set-up. In this intriguing vertical transmission scheme, resonant filtering of optical 
signals at telecom wavelengths with an extincation ratio as high as 19dB, are experimentally 
obtained. Moreover, it is shown that the integration of a large number of VRU-MRRs on waveguide 
arrays at arbitrary positions are possible. And each VRU-MRR is integrated on several waveguides 
which may be convenient for e.g. multiplexing applications [53,110]. Note that, this integration 
system reducing complexity and improving flexibility. 
 In the last part of this work: 
Finally, to illustrate the usefulness of the fully integrated VRU-MRRs with photonic waveguides, 
I investigated optofluidic functionalities of the integrated system. Unique properties of VRU-MRRs 
including their hollow core structure, and their ultra-thin walls which facilitate a highly penetrating 
evanescent wave sensitive to changes in the ambient refractive index make them a promising 
candidate for those purposes. In this work, two methods were performed to explore optofluidic 
applications of the integrated system. First, the hollow core of an integrated VRU-MRR was uniquely 
filled with a liquid solution (purified water) by setting one end of the VRU-MRRs in contact with a 
droplet placed onto the photonic chip via a glass capillary. Second, the outside of an integrated VRU-
MRR was fully covered with a big droplet of liquid. For the both cases, WGMs were observed in the 
telecom wavelength range, and their spectral peak positions shift significantly as compared with an 
air-filled VRU-MRR. The sensitivity as high as 140 nm/RIU was obtained. As a result, the integrated 
VRU-MRRs offer a compact, robust platform with the high functionality, and well suited for dense 
multiplexing of sensors. 
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7.2 Future Directions 
In this work, monolithic integration of vertically rolled-up microtube ring resonators (VRU-
MRRs) on photonic waveguides are successfully demonstrated, as a compact and mechanically stable 
optical unit. Excellent optical coupling between subwavelength walled TiO2 VRU-MRRs and on-chip 
waveguides are observed. The integrated system is provided novel platform for optofluidic 
applications. However, in this integrated system, there are still many aspects that require to 
continually be improved in future research work. For example, the Q-factor of such integrated 
resonators needs to be improved because high Q-factor necessitates for many applications such as 
sensing applications. The possible way to increase the Q-factor of this resonators is to prevent the 
formation of interlayer voids [104] by proper strain engineering techniques. It was found that 
interlayer voids significantly limit the Q values (see details in Subsection 2.2.2 and ref. [95]).  
 
A second example concerns thermal heating which leads to the unwanted wavelength shift in 
the integrated system. This shift oftentimes is not suitable for some important applications e.g. 
optical filtering. For this purpose, we have two ideas to solve this issue. The first idea is to fill the core 
of a VRU-MRR with a liquid (for example purified water) and then thermal heating would be carried 
away by uniquely circulating liquid into the VRU-MRRs, that is exploited to dispel the unwanted shift.  
 
The other idea is to fabricate the athermal resonators instead of the conventional resonators in 
the integrated system. VRU-MRRs produced based on TiO2/HfO2 or TiO2/SiOx could be two possible 
examples of the athermal microtubes. By increasing the temperature, the negative thermo-optic 
coefficient (TOC) of TiO2 causes a shift to the shorter wavelengths, while positive TOC of HfO2 and 
SiOx leads to a shift to the longer wavelengths.  
 
 
Figure 7.1: Room-temperature µ-PL spectra of an athermal rolled-up TiO2/HfO2 microtube resonators. Optical resonant 
modes were measured under different excitation powers and a non-shift of optical modes was observed, as clearly 
indicated by green dots. The spectra were collected with a  𝟓𝟎 × objective, a 1200 blz/mm grating and 10 s integration 
time. PL was excited with a 442nm He-Cd laser.  
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Thus, it is expecting that the unwanted shift can be disappeared if the VRU-MRRs are fabricated 
based on materials such as TiO2/HfO2 or TiO2/SiOx with the appreciated thickens ratio. Both of these 
ideas are currently in progress in our group. For a proof-of-concept, an experiment is demonstrated 
by fabricating VRU-MRRs based on TiO2/HfO2. They were excited with different power using μPL 
setup (see Subsection 3.2.1). Figure 7.1 displays the results of non-shift of the optical modes at 
different powers. 
From the perspective of the optical mode tuning (or switching) in VRU-MRRs, so far spectral 
tuning of the optical mode was obtained in a passive and irreversible fashion of the VRU-MRRs 
[106,117]. Nevertheless, active and reversible switching are of great interest for optical data 
processing. One interesting idea to develop such a reversible and tunable VRU-MRRs is to fill the core 
of a VRU-MRR with liquid crystals (LC) [25, 42]. In this system, the refractive index of LC could 
precisely be controlled by applying the voltage to the system and consequently, the optical mode of 
the VRUMs is actively and reversibly tuned. This idea will be investigated in our group in the near 
future. 
 
Moreover, after an explorative study to achieve the excellent coupling between single VRUM 
with optical waveguides, the integrated system can be scaled to two or even more VRU-MRRs coupled 
to common waveguides. This configuration can be used to demonstrate the Vernier-effect. This effect 
can be increased the free spectral range (FSR) of the system to obtain the required FSR to cover the 
optical communication window (approximately ≈30 nm). 
 
Additionally, the feasibility of integration of one single VRU-MRR with multiple waveguides was 
demonstrated (see Figure 5.2). Hence, this interesting feature can motivate us for realization of an 
in-plane 1×3 optical filtering and/or the 1×3 wavelength multiplexer based on single VRU-MRR. One 
applicable idea is to integrate an inhomogeneous VRU-MRR on 1×3 MMI waveguide, as illustrated in 
Figure 7.2 (a) and (b), respectively. In these configurations, the VRU-MRR possess 3 different lobes 
in the nanomembrane, form three distinct diameter variations along the tube axis which offer 
different filter properties.   
 
Figure 7.2: Schematics of single VRU-MRR based (a) in-plane 1×3 optical filtering (b) a 1×3 wavelength multiplexer.  A 
1×3 MMI waveguide is monolithically integrated with a VRU-MRR at three axial positions.  Depending on the resonant 
condition at coupling position, specified wavelengths (e.g. λ1, λ2, λ3) are selectively coupled into VRU-MRR and in the case 
of, Figure (b) they are coupled then into the upper photonic layer12.  
                                                             
12 Image was created by Dr. Stefan Böttner 
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Since the working mechanism for both cases are similar, therefore in the case of the latter one, input 
signals (e.g. λ1, λ2, and λ3) are separated via 1×3 MMI waveguide and after coupling to the VRU-MRR 
then transmitted into the upper photonic layer at each coupling position through the VRU-MRRs. 
These two interesting projects will be explored in our group in the near future. 
 
In the context of optofluidic applications, there are still some aspects that highly need to be 
improved in future research work. For example, the developed platform for optofluidic applications 
is limited in liquid handling. Moreover, the liquid medium into the core of the VRU-MRR is evaporated 
very quickly. Then the straightforward idea to overcome to these two issues is to fabricate two 
microfluidic channels as an inlet and outlet elements at both ends of VRU-MRR for uniquely 
circulating liquid into and out of the VRU-MRRs. Interestingly, such configuration stabilize the 
transmission signal from an integrated VRU-MRR when a liquid is uniquely circulating into its core. 
Another example concerns the obtained sensitivity (≈130 nm/refractive index) of such integrated 
resonators which should be significantly improved to be comparable with other reported values. One 
possible idea is to enhance the overlap between the resonance modes and a liquid medium in the 
core of tube by thinning the tube wall thickness.   
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Appendix 
Appendix A 
Appendix for “Luminescent nanoparticles embedded in TiO2 microtubes cavities for the 
activation of whispering gallery-modes extending from the visible to the near infrared” 
1. Luminescent NPs embedded in array of TiO2 microtubes. This demonstrates the 
feasibility of activating a large array of RUMs on single chip based on this flexible, simple, 
and robust technique in contrast with injection approaches. 
 
Figure A.1†: Luminescent NPs embedded in array of TiO2 microtube walls. From top to bottom; top view SEM images of 
the multiple activated RUMs. The distribution of NPs was revealed by a transversal line mapping of EDX on the rolled-up 
microtube. The distribution of the elements Cd, P, Ti and O along the tube as well as Si in substrate were characterized.    
2. Estimation and analyzing the density of the nanoparticles that spin coated onto the nanomembrane 
using ’’ImageJ’’ software (http://ImageJ.nih.gov/ij/). The area was shown at top panel on the left side in 
Fig.2 (g), where the average density of the nanoparticles is calculated to be ~ 430 per µm2 or on the 
other words with an area fraction of more than ~30% into 1 µm by 1 µm area. 
 
Figure A.2†: (a) Top view SEM images of assembled Cd6P7 NPs via spin coating of NPs onto the nanomembrane. The 
aggregated NPs onto the nanomembranes is imaged by ESB detector. (b) and (c) outlined and highlighted NPs region onto 
the 2D nanomembrane with ‘’ImageJ’’ software, respectively. It used to count, analysis, and determine the size distribution 
as well as obtain the density of the NPs of NPs  via spin coated onto the nanomembranes. 
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3. Simulation of activated RUM with both TM and TE resonant modes and PL measured at different 
axial positions along the NPs-1-RUMMs in comparison with spectral profile of pure TiO2 RU-
MRRs.  
 
Figure A.3†:(a) 2-D simulation of activated RUM for both TM and TE resonant modes. The measured TM and TE modes 
are in agreement with the numerical simulations. (b) Resonant spectra of a TiO2 microtube cavity embedded Cd6P7 
nanoparticles (NPs-1) at three different positions on single RUM. The RUMs show multiplexing ability. A single activated 
TiO2 RUM can be used as series independent ring resonators located along the tube axis. The inset on the top panel shows 
an optical image of the colloidal NPs-1 excited by a laser beam. The inset on the bottom panel shows SEM images of 
activated RUM where three measured positions are marked. The inset on the right panel shows the PL spectrum of 
colloidal Cd6P7 NPs-1. (c) Background-subtracted resonant modes spectrum of the NPs activated TiO2 microtube cavity to 
show the WGMs structure more clearly for RUM with NPs-1 (red curve) and without NPs (blue curve) respectively. The 
WGMs intensity of TiO2 RUM with NPs are enhanced several times in contrast to TiO2 RUM without NPs owing to the 
enhanced PL emission. 
4. Resonant mode spectra and polarization mapping.In our preparation, the tube without 
embedding NPs only support TM modes (which we define as having the electric field of the 
resonant light parallel to the tube axis). And the NPs embedded tube supports both TM and TE 
(which have the electric field perpendicular to the tube axis) modes. This can be verified by 
polarization mappings, as shown blow. The angle equal to 0 is defined as being parallel to the 
tube axis. 
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Figure A.4†: PL spectra and polarization mapping of microtubes with and without NPs-2. (a) Room temperature PL 
spectrum of a TiO2 microtube cavity activated by Cd6P7 nanoparticles (NPs-2) (red curve), PL spectrum of a TiO2 microtube 
without nanoparticles (blue curve), and PL spectrum of colloidal Cd6P7 NPs-2 (dashed cyan curve). (b-c)  WGMs intensity 
as a function of polarization angle with respect to tube axis, where the both TM and TE modes for RUM with NPs-2 (top 
panel) and only the TM modes for RUM without NPs (bottom panel) are resolved. 
5. Enhancement of the emission intensity of WGM modes and the emission intensity of the WGMs 
variation of the resonant modes for both RU-MRRs with and without NPs which are in agreement 
with the shape of the NPs’ PL spectrum 
 
Figure A.5†: PL spectra and the variation of the emission intensity of WGMs of VRU-MRRs with and without NPs. 
(a) and (c) Background-subtracted WGM resonant modes spectrum of the NPs activated TiO2 microtube cavity for 
NPs-1-RU-MRRs and NPs-2-VRU-MRRs respectively, to show the WGMs structure match the PL spectrum of 
colloidal Cd6P7 NPs in solution. (b) and (d) Spectral distribution of WGMs intensity for both TM and TE mode of 
both activated RU-MRRs with NPs-1 and NPs-2 respectively, in comparison with spectral profile of pure TiO2 VRU 
MRRs . Note that the Pure TiO2 RU-MRRs is excited with 8.5 mW while the NPs2-RU-MRRs is exited only with 600 
μW. 
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Appendix B 
Appendix for “Quantum Dots Aggregate in Rolled-up TiO2 Microtube Cavity for Novel Optical 
Resonant Mode Tuning” 
1. Dimensions of the rolling pattern 
Dimensions of the rolling pattern are characterized to get the information of number of rotations 
and wall thickness of a rolled-up tube. The tube segment we studied was rolled up from the middle 
part of the pattern, as shown in Fig. A6†(a). With a known tube diameter, the number of rotations 
and wall thickness can be derived from the dimensions of the middle part as shown in Fig. A6†(b) 
and (c). 
 
Figure A.6†: (a) Overall dimensions of the rolling pattern. The studied tube segment was rolled up from the middle part 
(marked by dotted cyan curve). (b) Rolling length and width of the middle part. (c) Dimensions of the dome on the top of 
the middle part. 
2. Characterization of the tube structure 
The SEM image of the tube suggests a slight diameter variation along the tube. This variation is 
not evident at first sight due to the small aspect ratio ΔD/TL~0.04, where ΔD~1µm is diameter 
difference over the studied tube length TL~25µm. However, this variation is confirmed by the 
experimental PL mapping where the continuous TM spectral shifts are clearly observed (Fig. 
4.14(b)). Since the tube has a mean diameter of Dm~9.5 µm, its cone-like shape is expressed by the 
diameter D(z)=Dm – (ΔD/TL)z. Figure Fig. A7†  (a) plots the calculated tube diameter adjusted for 
ΔD=1.07 µm and Dm~9.24 µm. For these values, we apply the two-dimensional waveguide model 
(discussed in [Huang G.S., et al. ACS Nano 4, 3123 (2010)]) to calculate the TM wavelengths shift to 
correlate them to the 2D TM mode shifts shown in Fig. A8† (b). We remark that in the region where 
TM shifts the refractive index of the tube wall is constant and equal to that of the TiO2 
nanomembrane. This derivation satisfies the resonant condition πD(z)neff =mλ(z), where neff is the 
effective refractive index, m is the azimuthal mode number and λ(z) is the resonant wavelength at z 
position. With the diameter value shown in Fig. A7† (a), one can calculate the number of rotations by 
N(z) = L(z)/(πD(z)), where L(z) is the rolling length of the membrane before rolling and can be 
directly derived from Fig. A6†. The tube wall thickness T is thus calculated by T(z)=h*N(z), where h 
is the thickness of the rolling nanomembrane. 
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3. Axial potential well calculations 
1) Asymmetric structure induced potential well (ASW) 
Taking into account of the variations of tube diameter and wall thickness (rotation number), the 
asymmetric structure induced potential is calculated based on Eqs. (1) and (2) of the main text. The 
refractive index takes the average value in the whole calculation part. 
Figure A.6†:  (a) Tube diameter along z, by which the rotation numbers (b) and wall thickness (c) are calculated. 
2) QDs aggregate-induced potential well (QDW) 
As we have shown in Fig. A6† (b), the QDs aggregate is ~ 6 µm wide in the tube. The average 
refractive index in the QD aggregate area is higher than that outside this region. The average 
refractive index of the tube wall nav is calculated by 
nav(z) = P1(z) n1 + P2(z) n2,       (S1) 
where n1 and n2 are the average refractive index of the thick and thin parts, respectively. The 
values P1(z) and P2(z) are the proportions of the thin and thick part of a rolled-up tube wall, and 
they are related to the tube wall rotation N(z),  P1(z) = ceiling(N(z)) and P2(z) = floor(N(z)). The 
refractive index n ni (i =1 or 2) in left side of the previous equation are estimated by averaging the 
refractive index along the multilayer wall structure, as follow, 
,       (S2) 
where Tj is the thickness of the layer j in the tube wall (with the refractive index nj. The multilayer 
wall include the QDs embedded both at their thin and thick parts.  
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Figure A.7†: (a) Schematic of the cone-shaped tube segment. (b) Calculated potation well (ASW, for m=64). The inset 
shows the fundamental mode confined in this well. 
By using Eqs S1 and S2 in the QD aggregate region one obtains a curve which follows the curve 
shown in Fig. A7† (b), which is similar to an inverted parabola as plotted in Fig. A8† (b).  In order to 
finally stablish the curve for nav(z), we proceed to adjust the maxima and width of the inverted 
TE solutions of the two dimensional wave guide model (see Ref [Huang G.S., 
et al. ACS Nano 4, 3123 (2010)]) fits the measured TE shift. As example, the TE shift is shown in the 
inset of Figure A9† (b). Taking into account the nav(z) variation, the QDs aggregate-induced potential 
well (QDW) is calculated is calculated (see Fig. A9† (c)) based on Eqs. (1) and (2) of the main text. 
 
Figure A.8†: (a) Schematic of the QDs aggregated tube segment. (b) Variations of nav(z) in this range. The inset shows the 
TE mode shift due to the gradually changed na(z). (c) Calculated potation well (QDW, for m=73). The inset shows the 
fundamental mode confined in this well.   
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MRRs with an outer diameter of ~20 μm create. (e) A tilted angle view of the air suspended microtbe 
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respectively. The transmission spectrum of filled-microtube with purified water showing the change 
in extinction ratio and linewidth owing to the absorption loss increases (b) 2D simulation of optical 
coupling between waveguide and tube at both situations; the tube filled with air and then with a 
liquid. In the presence of solution, an enhancement of the electric field spread into the tube core is 
clear. ........................................................................................................................................................................................... 97 
Figure 6.4: (a) Schematic demonstration of the setup for measuring the transmission spectra of the 
tube ‘’B’’ resonator when is fully covered with a droplet of purified water. (b) Transmission 
measurements of the tube ‘‘B’’ (as defined in Fig. 1 (a)) (i) when the tube initially filled with air (black 
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Theses 
1. Rolled-up nanotechnology is a powerful technology to create sophisticated three-
dimensional microtubular structures out of planar photo-lithographically patterned 
nanomembranes. 
 
2. Rolled-up nanotechnology on a polymer is a simple yet robust approach to fabricate a large 
number of well-aligned three-dimensional microtubular structures on a single chip without 
using a complex and costly molecular beam epitaxial techniques. 
 
3. Rolled-up microtubes have the great potential to work as optical ring resonators thus, it is 
expected that they can be as important photonic components in photonic integrated circuits 
where the signal need to be filtered, switched, or store light in a small volume and at well-
defined spectral intervals. 
 
4. The design of the rolled-up microtube ring resonators can enhance their (two-) three-
dimensional optical confinement. 
 
5. Recently titanium dioxide has been promoted and recognized as a novel and alternative 
photonic material for integrated photonics and optofluidic applications. 
 
6. The material system used for rolled-up microtube ring resonators play a key role in the 
resonators performance and their potential applications. Thus, it is recommended that 
unique properties of titanium dioxide make them an excellent choice for fabrication on-chip 
microtube ring resonators with novel functionalities.  
 
7. If rolled-up microtube ring resonators are fabricated based on titanium dioxide, it is expected 
that the fabricated microtubes support whispering gallery modes with a higher optical Q 
value for both telecom and visible photonics. 
 
8. The broken rotational symmetry in the fabricated TiO2 rolled-up microtube ring resonators 
is anticipated to observe a mode splitting in the optical resonance  modes.  
 
9. Passive rolled-up TiO2 microtube ring resonator is activated by entrapping various sizes of 
luminescent nanoparticles within the windings of rolled-up nanomembranes based on a 
novel, flexible, robust, and economical method.Thus, it can be expected that a proper choice 
of embedded NPs allows one to precisely tune the resonant frequency from the visible to the 
near-infrared range. 
 
10.  It is realized for the first time, in addition to serving as light sources that luminescent 
nanoparticles aggregated in passive rolled-up TiO2 microtube ring resonator can produce an 
optical potential well that can be used to trap optical resonant modes. Therefore, it is 
observed that this potential well arising from nanoparticles aggregated together with one 
induced by the tube geometry leads to the formation of overlapping double-potential wells 
in a single rolled-up microtube ring resonator, which allows the generation of two 
independent sets of optical modes.  
 
11. Precise tuning of the overlapping modes’position is achieved by conformal coating of the tube 
wall with HfO2 monolayers applied by atomic layer deposition. Then, it is expected that this 
method permits the mode sets to shift with different magnitudes and allows for a Vernier-
scale–like tuning effect.   
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12. Rolled-up microtube ring resonator fabricated by rolled-up nanotechnology are well-
suitable for on-chip photonic integration.  
 
 
13. For the first time13, monolithic integration of vertically rolled-up TiO2 microtube ring 
resonators with silicon nanophotonic waveguides on silicon-on-insulator substrates is 
experimentally demonstrated. It should be remarked that this success can be an important 
milestone toward 3D photonic integration and a key requirement for scalable mass 
production.  
 
14. The fully-integrated system (i.e., rolled-up microtube coupled waveguides) is illustrated a 
compact and mechanically stable optical unit. Hence, it is predicted that in this intriguing 
vertical transmission configuration, resonant filtering of optical signals at telecom 
wavelengths is realized based on ultra-smooth and subwavelength thick-walled microtubes. 
 
15. The vertical integration configuration allows for out of plane optical coupling between the in-
plane nanowaveguides and the vertical microtube cavities as a compact and mechanically 
stable optical unit, which could enable refined vertical light transfer in 3D stacks of multiple 
photonic layers. 
 
16. If a single long rolled-up TiO2 microtube is integrated over multiple waveguides, then it is 
expected that it can be used as several vertical ring resonators independently at several 
positions along the tube axis, which is impossible to achieve with any other type of on-chip 
cavities such as planar microring, microdisk, or microsphere cavities. 
 
17. Rolled-up microtube ring resonator fabricated by rolled-up nanotechnology can be 
monolithically integrated into a complex on-chip microfluidic structure.  
 
18. To date, the optofluidic applications of the rolled-up microtube ring resonators have been 
demonstrated by inserting a liquid core into a free-standing isolated microtube ring 
resonator or a microtube transferred into microfluidic channels, which can only be measured 
via far-field laser confocal means in the visible spectral range. To realize the real on-chip 
optofluidic functionality, it is crucial to demonstrate optofluidic coupling of the microtube 
cavities integrated onto on-chip waveguides capable of working in the telecom band, which 
remains elusive to date.   
 
 
19.   A novel platform for optofluidic applications is realized for a first time based on the fully-
integrated systems (i.e., rolled-up microtube coupled waveguides). Such platform provides a 
simple and less costly method to fabricate large arrays of tubular fluidic channels integrated 
with on-chip waveguides, which are well-suited for potential biological/chemical sensing and 
analysis in a lab-on-chip system. 
 
20. Optofluidic functionality of the integrated system can be explored either by uniquely filling 
their hollow cores with a liquid medium or by fully covering an integrated microtube with a 
big droplet of a liquid, which leads to a significant shift of the resonance modes in the telecom 
band. 
 
21. If integrated TiO2 microtubes are utilized as on-chip optical sensors, it will be expected that 
a tube with a thinner wall thickness and a higher optical Q value can enhance the sensitivity.    
                                                             
13 It should be mentioned that Yu et al, [113] were also able to rolled-up optical resonators directly on waveguide   
    chips almost at the same time. 
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